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PREFACE 

In  pursuance  of  the  policy  of  the  Cambridge  University  Press  to  render 
available  in  collected  form  the  occasional  writings  of  men  eminent  in 
science  and  learning  who  have  been  associated  with  the  University,  a 
complete  edition  of  the  works  of  Henry  Cavendish  has  long  been  con- 
templated. This  project  was  naturally  suggested  by  the  position  of 
Cavendish  as  one  of  the  greatest  of  British  men  of  science,  and  by  the  fact 
that  his  manuscripts  were  known  to  contain  very  important  contributions 
to  knowledge  which  had  never  been  published  to  the  world:  in  justice  to 
his  fame,  and  in  the  interests  of  the  history  of  science,  it  was  desirable  that 
they  should  see  the  hght.  It  was,  moreover,  an  obhgation  which  had  very 
special  claims  on  Cambridge  on  account  of  the  intimate  connection  of  the 
House  of  Cavendish  with  the  University,  maintained  now  through  many 
generations. 

As  regards  what  was  considered  the  more  pressing  part,  the  Electrical 
Researches,  this  duty  was  discharged  with  signal  efficiency  by  the  late 
Professor  Clerk  Maxwell,  in  a  volume  published  by  the  University  Press 
in  1879,  which  now,  in  revised  form,  constitutes  Vol.  I  of  this  complete 
edition. 

With  the  concurrence  of  the  Duke  of  Devonshire,  who  again  allowed 
the  use  of  Henry  Cavendish's  manuscripts  preserved  at  Chatsworth,  the 
task  of  preparing  for  press  the  researches,  published  and  unpublished, 
other  than  electrical,  was  begun  some  years  ago ;  but  the  printing  has  been 
greatly  delayed  owing  to  circumstances  arising  out  of  the  war.  This  portion 
of  the  work  now  forms  Vol.  II  of  the  complete  edition.  It  is  largely, 
although  by  no  means  exclusively,  concerned  with  chemical  subjects.  In 
the  history  of  science  it  has  been  the  custom  to  regard  Cavendish  mainly 
as  a  chemist.  It  is  true  that  his  chemical  discoveries  are  among  the 
greatest  of  his  scientific  achievements.  But,  as  these  volumes  abundantly 
prove,  to  consider  him  simply  as  a  chemist  is  to  take  a  very  partial  and 
incomplete  view  of  his  scientific  activities.  In  truth  he  was  a  Natural 
Philosopher  of  the  broadest  possible  type,  who  occupied  himself  in  turn 
with  every  branch  of  physical  science  known  in  his  time,  and  who  im- 
pressed the  marks  of  his  genius  and  the  extraordinary  penetrative  force 
of  Iiis  intellect  on  them  all. 

In  its  general  plan  the  present  volume  is  substantially  similar  to  the 
volume  of  Electrical  Researches  edited  by  Professor  Clerk  Maxwell.  It 
gives  a  brief  account  of  Cavendish's  personal  history  and  characteristics, 
followed  by  a  short  commentary  on  his  investigations,  as  published  in 
part  in  the  Philosophical  Transactions  of  the  Royal  Society,  where,  as  a 
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matter  of  bxX,  everything  that  he  chose  to  print  is  to  be  found.  This  com- 


m^itaiy  attempts  to  show  the  relation  of  his  woric  to  the  knowledge  of 
the  time,  to  pcnnt  oat  wherein  it  marks  a  new  departure  and  how  it 
pennanently  influenced  the  progress  and  devdopment  of  science.  Such 
advances  as  the  recognition  of  the  indi\iduahty  of  the  gases,  the  discovery 
of  the  real  nature  of  atmospheric  air,  and  of  the  compound  nature  of  water 
and  its  quantitative  composition,  were,  it  need  hardly  be  stated,  epoch- 
making.  The  twenty-two  years  that  Cavendish  devoted  to  chemical 
inquiry  constitute  indeed  one  of  the  most  brilliant  periods  in  the  histcny 
of  that  science.  In  his  work  on  thermcMnetry,  on  cryoscopy,  and  on  terres- 
trial magnetism  he  often  breaks  new  ground  and  anticipates  discoveries 
which  have  been  attributed  to  much  later  observers. 

This  section  is  followed  by  a  reprint  of  Cavendish's  papers,  other  than 
those  relating  to  electricity,  which,  as  already  stated,  form  the  subject  of 
Vol.  I,  with  reproductions  of  the  original  illustrations.  The  p£q>ers  are 
arranged  in  chronological  order,  and  certain  obvious  errcns  and  necessary 
ty{)Ographical  corrections  have  been  indicated. 

The  last  section  deals  with  the  unpublished  manuscripts  other  than 
those  already  dealt  with  by  Professor  Clerk  Maxwell,  and  is  based  upon 
the  material  in  the  possession  of  the  Duke  of  Devonshire.  Some  small 
portion  of  these  has  already  been  made  known.  The  Rev.  \^lliam  Vernon 
Harcourt  examined  the  papers  in  connection  with  the  famous  Water 
Controversy,  which  he  made  the  main  subject  of  his  Presidential  Address 
to  the  British  Association  in  1839;  ^^  eloquently  and  convincingly  ad- 
vocated the  just  claims  of  Cavendish  as  the  first  and  true  discoverer  of 
the  compound  nature  of  water,  and  printed  in  facsimile  some  excerpts  from 
the  manuscripts.  Mr  Harcourt  appears  to  have  gone  through  the  whole  of 
the  papers  and  to  have  arranged  them  according  to  their  subject  matter. 
He  was  so  impressed  with  their  character  and  with  the  light  they  threw 
on  the  nature  and  range  of  Cavendish's  intellectual  activities  that,  in  the 
comse  of  his  address,  he  strongly  urged  that  they  should  be  critically 
examined  and  arranged  for  publication.  The  present  edition  of  Cavendish's 
works  may  be  regarded  as  a  compliance,  however  belated,  with  a  desire 
that  has  often  been  urged. 

The  unpublished  papers  relating  to  chemistry  show  that  Cavendish  had 
anticipated  Scheele  in  the  discovery  of  arsenic  acid,  which  he  prepared  by 
the  method  now  in  use.  They  also  appear  to  indicate  that  if  he  did  not 
actually  anticipate  Scheele  in  the  isolation  of  tartaric  acid,  he  was  an 
independent  discoverer  of  the  true  nature  of  "  tartar, "  and  of  the  relation 
of  cream  of  tartar  to  "soluble  tartar"  or  normal  potassium  tartrate.  He 
seems  to  have  been  familiar  with  certain  of  the  general  principles  under- 
lying the  phenomena  of  gaseous  diffusion  and  to  have  experimentally 
verified  them.  He  was  perhaps  the  first  to  attempt  to  investigate  quan- 
titatively the  phenomena  of  gaseous  explosions.   His  work  on  Heat  was 
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original  and  independent ;  and  had  it  been  publistied  at  about  the  time  it 
was  performed,  it  would  have  placed  him  on  a  par  with  Black  in  regard  to 
the  historical  development  of  the  subject  and  have  established  his  priority 
to  Irvine,  Crawford,  Wilcke  and  Charles.  His  long  and  patient  work  on 
the  tension  of  aqueous  vapour  was  remarkably  accurate  and  compares 
favourably  even  with  that  of  Regnault.  It  was  thus  far  superior  to  the 
measurements  of  Dalton,  made  nearly  30  years  subsequently,  and  long 
regarded,  despite  the  criticisms  of  Biot,  as  authoritative,  especially  in  this 
country. 

With  respect  to  his  other  physical  investigations  it  can  hardly  be 
matter  for  surprise  to  those  who  have  studied  the  Electrical  Researches  as 
edited  and  expounded  by  Maxwell,  that  their  author  should  have  possessed 
views  on  these  subjects  far  in  advance  of  his  age.  The  manuscripts  reveal 
him  as  an  indefatigable  student  of  physical  science  of  every  kind,  remark- 
able both  for  originality  of  ideas  and  for  skill  in  their  scrutiny  and  develop- 
ment by  the  rough  direct  methods  of  Newtonian  tluxional  calculation. 
There  can  be  no  doubt  that  Cavendish  was  the  directing  force  in  the 
project  to  determine  the  mean  density  of  the  Earth,  whether  from 
observations  of  the  attraction  of  a  mountain,  or,  twenty  years  later,  by 
the  vibrational  method  which  he  had  inherited  from  his  friend  Michell. 
A  preHminary  discussion,  which  must  date  from  some  earlier  time,  of  the 
results  of  the  French  geodetic  expedition  to  Peru,  had  this  object  mainly 
in  view:  it  dealt  in  a  practical  way  with  all  the  questions  of  geodetic 
compensation  and  isostasy  which  emerged  later  in  more  precise  fashion  in 
the  great  Indian  Survey,  and  are  now  so  prominent.  The  error  in  observa- 
tions due  to  change  of  refraction  on  a  heated  slope  was  not  overlooked, 
and  was  discussed  (p.  393)  in  a  masterly  manner.  The  dynamical  variation 
of  latitude,  now  an  important  correction  to  refined  observation,  which 
had  only  been  mentioned  in  passing  by  Euler.  is  fully  grasped,  and 
concisely  expounded,  though  its  actual  amount  was  of  course  then  un- 
known. 

But  perhaps  most  striking  of  all  were  his  reasoned  views  on  the  Con- 
servation of  Energy,  including  a  precise  introduction  of  the  idea  of 
Potential  Energy,  and  the  recital  of  the  causes  of  the  degradation  of 
Energy  into  the  form  of  Heat.  To  obtain  a  parallel  to  the  lines  of  his 
argument,  cramped  in  expression  as  it  natiu^ly  was  at  that  time,  we  have 
to  come  down  to  Helmholtz's  famous  Essay  of  1847.  An  effort  has  been 
made  by  Sir  Joseph  Larmor,  in  brief  footnotes,  to  correlate  his  views  with 
the  pronouncements  of  Newton  and  Daniel  Bernoulli,  and  other  writers 
of  the  eighteenth  century  on  mathematical  physics,  to  whom  Helmholtz 
has  recorded  his  obhgations  in  connection  with  the  doctrine  of  Energy. 
Especially  acute  is  Cavendish's  expression  of  his  conviction  that  the 
degradation  of  any  likely  amounts  of  kinetic  and  potential  energies  of 
moving  particles,  as  then  known,  would  prove  insufficient  to  provide  the 
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large  amounts  of  heat  that  are  found  to  be  involved  in  chemical  changes; 
the  next  word  on  this  subject  belongs  to  Faraday  and  Maxwell  and  the 
Electric  Molecular  Theory. 

He  knew,  as  the  Astronomer  Royal  points  out.  about  the  tidal  retarda- 
tion of  the  diurnal  rotation  of  the  Earth,  and  understood  (p.  437)  the 
principles  of  rotational  torque  and  exchange  of  energy  that  are  involved, 
apparently  in  a  more  direct  and  complete  way  than  did  Kant,  recaUing  in 
fact  the  modem  developments  by  Lord  Kelvin  and  Sir  George  Darwin. 
The  amount  of  deviation  of  a  ray  of  light  passing  near  the  Sun,  on  the 
Newtonian  corpuscular  theory  as  extended  by  Michell  to  include  gravita- 
tion of  the  corpuscles,  did  not  escape  (p.  437)  his  universal  scrutiny  of 
physical  Nature.  In  most  of  his  work  the  trend  of  thought  seems  to  have 
been  straight  towards  the  course  of  the  subsequent  progress  of  science. 

From  the  very  outset  of  his  career  as  a  scientific  observer.  Cavendish 
seems  to  have  occupied  himself  with  the  problems  of  terrestrial  magnetism ; 
and  his  interest  in  that  subject  continued  unabated  so  long  as  he  lived. 
Much  of  the  material  preserved  at  Chatsworth,  and  which  is  incidentally 
referred  to  in  a  postscript  to  Clerk  Maxwell's  Introduction  to  Vol.  I, 
relates  to  this  subject.  Although  it  did  not  fall  within  the  scope  of  the  work 
on  which  he  was  engaged.  Maxwell  gave  a  brief  summary  of  the  character 
of  the  magnetic  papers,  and  concluded  that  "they  may  supply  important 
materials  for  the  magnetic  history  of  the  Earth,  and  are  in  all  respects 
excellent  specimens  of  Cavendish's  scientific  procedure." 

These  papers  have  now  been  carefully  examined  by  Dr  Chree,  the 
superintendent  of  the  Kew  Observatory,  who  has  furnished  a  very  com- 
plete account  of  their  contents.  He  shows  how  Cavendish  anticipated  the 
ideas  and  procedure  of  subsequent  observers  in  determining,  for  example, 
the  best  form  of  dip  needles,  in  tracing  the  infiuence  of  "  bending"  of  the 
needle  on  the  oljserved  value  of  its  inchnation,  and  as  regards  other 
sources  of  error. 

Cavendish  continued  to  make  observations  on  magnetic  dip  and 
declination  for  nearly  40  years,  and  accumulated  a  considerable  mass  of 
material.  This  has  been  thoroughly  sifted  and  discussed  by  Dr  Chree; 
thus  his  summary  of  the  results  constitutes  an  important  contribution  to 
the  magnetic  history  of  the  E^rth.  and  its  known  close  relation  to  the 
solar  cycles,  during  the  last  third  of  the  eighteenth  century  for  which  our 
information  is  so  scanty  and  uncertain. 

Acknowledgments  are  due  to  Sir  Joseph  Larmor  for  the  active  interest 
he  has  taken  in  the  production  of  the  work,  and  in  particular  for  his  con- 
tribution concerning  the  mathematical  and  dynamical  papers  and  memor- 
anda to  be  found  among  the  Chatsworth  manuscripts,  and  for  certain 
general  remarks  on  Cavendish's  merits  as  an  original  thinker  and  obser\'er 
which  have  been  incorporated  in  the  Preface.  Thanks  also  are  due  to  Sir 
Archibald  Geikie,  to  the  Astronomer  Royal,  and  to  Dr  Chree  for  their 
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several  communications  on  such  of  Cavendish's  unpublished  papers  as 
come  within  their  special  scope  and  interests. 

Sir  Horace  Darwin  was  good  enough  to  afford  a  critical  estimate  of 
Cavendish's  published  paper  on  his  manner  of  dividing  Astronomical 
Instruments;  and  Dr  Burnett,  of  the  British  Museum,  gave  a  similar 
estimate  of  the  value  of  Cavendish's  paper  in  the  Philosophical  Trans- 
actions on  the  Civil  Year  of  the  Hindoos. 

Finally  it  is  a  pleasure  to  acknowledge  the  very  efficient  assistance 
rendered  in  every  way  by  the  staff  of  the  Cambridge  University  Press. 
It  cannot  be  doubted  that  the  enterprise  of  the  University  Press,  in  now 
at  length  giving  to  the  world  an  adequate  account  of  the  researches  of  one 
of  the  greatest  of  the  intellectual  sons  of  Cambridge,  will  meet  at  the  hands 
of  all  men  of  science  with  the  appreciation  it  deserves. 

T.  E.  THORPE. 
July  1920, 
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INTRODUCTION 


v>oMPARATiVELY  little  is  known  concerning  the  personal  history  of  the 
author  of  these  memoirs.  Nor  is  there  much  hope  now  that  more  may  be 
gleaned.  It  may  be  doubted,  indeed,  whether  there  is  much  more  to  learn, 
for,  apart  from  his  scientific  achievements,  his  life  was  singularly  un- 
eventful. He  lived  a  soUtary.  secluded  existence,  and,  despite  his  rank, 
and,  in  his  later  years,  his  great  wealth,  he  deliberately  refrained  from  any 
attempts  to  exercise  the  shghtest  social  influence.  He  left  no  personal 
records,  and  few  of  his  letters  seem  to  have  been  preserved,  possibly  because 
few  were  written.  Such  as  are  known  relate  almost  exclusively  to  matters 
of  science  and  are  otherwise  of  verj'  slight  human  interest.  All  the  know- 
ledge of  him  we  possess  is  based  upon  the  fragmentary  notices  of  a  few 
contemporaries,  principally  Thomas  Young,  Thomas  Thomson,  of  Glasgow, 
Sir  Humpliry  Davy,  and  Lord  Brougham.  Their  accounts,  together  with 
the  reminiscences  of  others  who  had  a  certain  small  measure  of  personal 
acquaintance  with  him,  or  were  able  to  communicate  hearsay  information 
concerning  his  character,  habits  and  mode  of  life,  have  been  brought  to- 
getlier  by  the  late  Dr  George  Wilson,  of  Edinburgh,  whose  Life  of  the 
Hon^  Henry  Cavendish,  written  at  the  request  of  the  Cavendish  Society, 
and  published  in  1851.  still  remains  the  only  authoritative  biography  of 
the  philosopher. 

The  following  brief  summary  of  his  hfe  and  scientific  achievements, 
which  it  seems  desirable  to  prefix  to  this  collection  of  his  memoirs  and 
papers,  is  almost  wholly  based  upon  that  work. 

The  Honourable  Henry  Cavendish  was  born  on  October  loth,  1731,  at 
Nice,  where  his  mother  was  residing  at  that  time  for  the  sake  of  her  health. 
His  father,  Lord  Charles  Cavendish,  was  the  fifth  son'  of  the  second  Duke 

•  In  Wilson's  Life,  and  also  in  the  Introduction  to  Professor  Clerk  Maxwell's 
account  of  Cavendish 's  Electrical  Researches  (now  \o\.  1  of  Scientific  Papers) ,  i  t  is  stated 
that  Lord  Charles  Cavendish  was  tliefAiVrfsonof  the  second  Duke  of  Devonshire.  The 
Rev.  Walter  H.  Green,  Vicar  of  All  Saints'  Church,  Derby,  to  whom  I  am  indebted  for 
information  concerning  Cavendish's  place  of  burial,  and  the  non-existence  of  any 
memorial  to  him  in  the  church,  informs  me,  on  the  authority  of  Cox  and  St  John  Hope, 
who  wrote  a  History  of  All  Saints'  Church,  and  who  give  copies  of  all  the  inscriptions 
on  the  coffin  plates  in  the  vault  beneath  the  lievonshire  Chapel,  that  the  third  son  of 
the  second  Duke  was  Lord  James  Cavendish,  who  was  buried  in  1741.  Lord  Charles 
Cavendish  who  died  on  April  zSth,  and  was  buried  in  the  Devonshire  vault  on  May 
7th.  1 783,  is  stated,  on  his  coffin-plate,  to  have  been  tiie  fifth  son  of  tlie  second  Duke. 
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of  Devonshire;  his  mother,  formerly  Lady  Anne  Grey,  was  the  fourth 
daughter  of  the  Duke  of  Kent.  She  died  when  her  son  Henry  was  about 
two  years  old,  shortly  after  the  birth,  in  England,  of  a  second  son,  Frederick. 

Very  little  has  been  recorded  concerning  Henry  Cavendish's  earliest 
years.  When  eleven  years  old  he  was  sent  to  Dr  Newcome's  school  at 
Hackney,  together  with  his  brother  Frederick  and  other  members  of  the 
Cavendish  family.  This  seminary  is  described  by  Lord  Campbell  in  his 
Lives  of  the  Chancellors  as  "a  most  excellent  school,"  and  the  master  as 
"a  sound  classical  scholar,  and  a  strict  disciplinarian,"  but  we  have  no 
information  concerning  the  courses  of  instruction  or  of  the  degree  of  pro- 
ficiency which  Cavendish  reached  in  them.  He  remained  at  school  until 
1749  when  he  was  entered  at  Peterhouse,  Cambridge.  No  particulars  of 
his  life  at  the  University  have  come  down  to  us.  He  left  in  1753  without 
taking  a  degree,  it  is  surmised,  because  he  objected  to  the  tests,  which  at 
that  time  were  very  stringent.  Cavendish,  in  fact,  was  not  a  member  of  any 
religious  body,  and  seems  at  no  time  to  have  professed  any  reUgious  faith 
and  never  to  have  attended  a  place  of  worship.  His  brother  Frederick,  who 
came  up  to  Peterhouse  in  1751,  also  left  without  taking  a  degree.  After 
leaving  Cambridge  the  brothers  would  appear  to  have  made  a  journey 
together  on  the  Continent,  but  no  particulars  of  their  tour  have  been  re- 
corded beyond  the  gruesome  story  of  their  having  seen  a  corpse  in  their 
hotel  at  Calais,  laid  out  for  burial  in  a  room  adjoining  that  which  they 
occupied,  to  the  absolute  unconcern  of  the  elder  brother. 

On  leaving  the  University,  Cavendish  took  up  his  residence  in  his 
father's  house  in  London,  where,  according  to  Thomas  Thomson,  a  set  of 
stables  were  fitted  up  for  his  accommodation.  It  is  probable  that  the 
stables  were  simply  his  laboratory  and  workshop,  for,  as  his  early  writings 
show,  it  was  at  about  this  time  that  he  entered  upon  the  mathematical, 
chemical  and  physical  studies  which  led  to  his  investigations  and  dis- 
coveries. There  is  reason  to  suppose  that  his  first  experimental  work  was 
in  connection  with  his  father's  scientific  labours.  Among  his  Mss.  papers 
is  a  quarto  sheet  in  his  handwriting,  headed  "Table  to  reduce  divisions  on 
nonius  of  father's  thermometer  to  degrees  on  new  plate";  and  this  is 
followed  by  "Trials  of  father's  th.  by  father,  April  12, 1757."  Lord  Charles 
Cavendish  had  joined  the  Royal  Society  in  1727.  He  paid  considerable 
attention  to  thermometry,  and  in  1757,  when  a  Vice-President,  contributed 
to  the  Philosophical  Transactions  descriptions  of  two  forms  of  maximum 
and  minimum  thermometers  for  which  he  received  the  Copley  Medal,  or, 
as  it  is  expressed  in  the  terms  of  the  award,  "for  his  curious  invention  of 
making  thermometers  shewing  respectively  the  greatest  degree  of  heat  and 
cold  which  have  happened  at  any  time  during  the  absence  of  the  observer." 
There  is  a  paper  by  him  in  the  Journal-Book  of  the  Royal  Society  on 
Canton's  experiments  on  the  compressibility  of  water  {Phil.  Trans.  52, 
1765,  p.  640).    As  his  son  informs  us  in  a  paper  which  will  be  referred 
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to  subsequently,  he  also  made  accurate  observations  of  the  depression  of 
the  mercurial  column  in  barometer  tubes  of  various  bores,  which  first 
established  the  relation  between  the  depression  and  the  internal  diameter 
of  the  tube.  Occasional  allusions  are  to  be  met  with  in  Cavendish's  papers 
to  work  done  in  concert  with  his  father,  and  to  instruments  which  they  used 
in  common.  These  facts  serve  to  throw  light  upon  the  relations  of  father 
and  son.  It  has  been  stated  that  the  family  were  disappointed  that 
Cavendish  should  have  declined  to  enter  public  life,  and  that  his  father 
treated  him  with  niggardhness  in  consequence.  There  is  no  real  evidence 
to  support  this  supposition,  which  would  seem  to  rest  mainly  on  the 
doubtful  authority  of  Lord  Brougham.  Cavendish,  with  his  nervous 
embarrassed  manner,  his  extraordinary  shyness,  his  thin  shrill  voice,  and 
hesitation  of  speech,  was  singularly  imfitted  for  a  public  career,  and  it  is 
unlikely  that  he  was  ever  pressed  to  embark  upon  it,  It  is  true  that  for 
the  first  forty  years  of  his  life  he  was  a  comparatively  poor  man,  and  stories 
have  been  related  of  the  parsimonious  habits  he  thereby  contracted.  But 
Lord  Charles  Cavendish  was  not  rich,  and,  according  to  the  botanist, 
Robert  Brown,  who  had  good  means  of  knowing,  he  allowed  his  son  as 
much  as  he  could  afford;  and  it  is  added  he  fully  appreciated  his  son's 
abilities  and  never  treated  him  unkindly.  As  regards  money,  he  had 
probably  as  much  as  his  habits  and  simple  tastes  required. 

At  some  period  subsequent  to  1780  he  became  wealthy — how  is  not 
exactly  known,  but  probably  through  bequests  from  relatives.  Although 
he  was.  as  Biot  expressed  it,  "le  phis  riche  de  tous  les  savans  ct  le  plus 
savant  de  tous  les  riches,"  he  was  singularly  indifferent  to  money  and  had 
httle  interest  or  concern  in  spending  it.  There  is  a  well-known  story  of  his 
threatening  to  remove  his  money  if  his  bankers,  who  were  concerned  at 
the  amount  lying  idle  in  their  hands,  continued  to  bother  him  about  it. 
He  could  be  liberal  at  times,  almost  to  the  point  of  extravagance,  when 
some  one  pressed  a  worthy  object  on  his  notice,  but  an  impulsive  generosity 
was  wholly  foreign  to  his  disposition,  and  he  made  httle  use  of  his  wealth, 
which  steadily  accumulated,  until,  at  his  death,  he  was  found  to  be  the 
largest  holder  of  bank-stock  in  England  and  to  possess  upwards  of  a  million 
in  different  public  funds — in  addition  to  £50,000  in  the  hands  of  his  bankers, 
a  freehold  estate  of  ^Sooo  a  year  besides  canal  and  other  personal  property. 

Cavendish,  who  was  never  married,  would  appear  to  have  resided  in  his 
father's  house  until  he  was  near  fifty  years  of  age.  Lord  Charles  Cavendish 
died  in  1783,  when,  or  possibly  shortly  before,  his  son  moved  to  a  house  at 
Hampstead,  and  to  a  town-house  close  to  the  British  Museum,  at  the  corner 
of  Montague  Place  and  Gowcr  St,  We  are  told  that  few  visitors  crossed  the 
threshold  of  cither  place,  but  those  who  were  admitted  found  that  its  chief 
furniture  consisted  of  books  and  apparatus.  But  the  greater  part  of 
his  library  was  contained  in  a  separate  house  in  Dean  St.,  Soho,  then 
a  fashionable  residential  neighbourhood.  Here  he  had  brought  together  a 
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large  collection  of  works  on  science  which  he  freely  allowed  all  engaged  in 
research  to  consult,  and  to  which  on  occasion  he  himself  went,  signing  a 
formal  receipt  for  such  books  as  he  took  away.  For  a  time  he  Hved  at 
4,  Bedford  Square. 

During  his  later  years  he  resided  on  Clapham  Common,  in  a  low  white 
building  surrounded  by  a  garden.  Very  Uttle  in  the  house  was  set  apart 
for  personal  comfort.  What  was  intended  to  be  the  drawing  room  was  con- 
verted into  a  laboratory.  A  forge  stood  in  an  adjoining  room.  The  upper 
apartments  constituted  an  astronomical  observatory.  A  large  registering 
thermometer  of  its  owner's  design  (see  p.  395)  formed  a  sort  of  land-mark 
to  the  house;  on  the  lawn  was  a  wooden  stage  affording  access  to  the  top 
of  a  large  tree  to  which  in  the  course  of  his  meteorological  or  electrical 
researches  he  would  occasionally  ascend.  He  hved  most  abstemiously  and 
seldom  saw  company.  We  are  told  that  if  anyone  dined  with  him  he  was 
invariably  treated  to  a  leg  of  mutton  and  nothing  else.  It  was  said  that 
when  on  one  occasion  three  or  four  scientific  men  were  to  dine  with  him  the 
housekeeper  remarked  that  one  leg  would  not  suffice.  "Then  get  two," 
was  the  reply. 

This  solitary  eventless  life  came  to  an  end,  after  a  very  short  illness,  on 
February  24th,  1810.  He  died  unattended,  and  was  buried  in  All  Saints' 
Church,  Derby,  in  the  Devonshire  vault,  near  the  splendid  tomb  which  his 
ancestress,  the  redoubtable  Elizabeth  Hardwicke,  the  founder  of  his 
family,  had  built  for  herself^.  No  slab  or  monument  of  any  kind  marks 
the  place  of  his  sepulture. 

The  accounts  of  Cavendish  which  have  been  furnished  bv  his  con- 
temporaries  are  singularly  uniform  in  the  impression  they  convey.  They 
represent  him  as  a  man  almost  morbidly  shy,  nervous  and  embarrassed, 
extremely  taciturn  and  reserved,  who  hated  to  be  addressed,  and  who  had 
a  horror  of  a  strange  face;  when  he  could  be  induced  to  talk  he  spoke 
in  a  thin  shrill  voice,  and  as  if  he  had  difficulty  in  articulation.  He  was 
described  as  of  fair  complexion,  with  small  and  not  marked  features, 
awkward  in  manner,  and  walking,  with  one  hand  behind  his  back,  with  a 
peculiar  slouching  gait.  His  dress  was  that  of  the  preceding  half-century 
and  was  never  varied — a  faded  violet  suit,  frilled  shirt-wrists,  high  coat 

*  Wilson  speaks  of  a  "  funeral  tablet,"  but  according  to  Professor  Clerk  Maxwell, 
on  the  authority  of  Mr  Cooling,  a  former  Churchwarden  of  All  Saints',  there  is  nothing 
of  the  kind  in  the  church.  This  is  confirmed  by  the  present  vicar,  Rev.  Walter  H. 
Green,  who,  moreover,  thinks  it  doubtful  if  there  ever  was  one.  Several  historians  of 
Derby  and  its  churches  make  mention  of  Henry  Cavendish,  but  say  nothing  of  any 
tablet  or  memorial  of  him.  The  vault  in  which  he  was  buried  is  now  permanently 
built  up.  It  appears  to  have  been  last  opened  by  Cox  and  St  John  Hope  in  1 879  for  tlie 
purpose  of  making  a  full  list  of  all  interred  there.  They  carefully  copied  all  the  coffin 
plates,  44  in  number.  Amongst  them  is  No.  XXVHI — that  of  Henry  Cavendish 
who  is  stated  to  have  died  on  February  24th  and  to  have  been  buried  on  March 
|2ttl«  1810. 
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Collar,  knocker  tailed  periwig  and  cocked  hat.  He  was  a  confirmed 
misogynist.  He  would  never  see  a  female  servant,  and  if  an  unfortunate 
maid  showed  herself  she  was  promptly  dismissed.  On  one  occasion  he  met 
one  of  his  domestics  with  a  broom  and  a  pail  on  the  stairs,  and  was  so 
annoyed  that  he  immediately  ordered  a  back  staircase  to  be  built.  There 
is,  however,  a  story  to  the  effect  that,  during  one  of  his  solitary  walks,  he  so 
far  overcame  his  bashfulness  as  to  rescue  a  lady  from  the  attacks  of  an 
infuriated  cow — a  circumstance  which  made  a  great  sensation  at  the  time 
at  Clapham,  where  he  was  regarded  with  a  certain  amount  of  awe  as  a 
woman-hating  wizard. 

As  to  his  character  as  it  appeared  to  his  biographer  Wilson: 

He  was  almost  passionless. . . .  His  brain  seems  tu  have  been  but  a  catculatinj; 
machine. . . .  His  Theory  of  the  Universe  seems  to  have  been,  that  it  consisted 
.so/Wy  of  a  multitude  of  objects  which  could  be  weighed,  numbered  and  measured; 
and  the  vocation  to  which  he  considered  himself  called  was.  to  weigh,  number 
and  measure  as  many  of  those  objects  as  his  allotted  three-score  years  and  len 
would  permit.  Ihis  conviction  biassed  all  liis  doings,  ahke  his  great  scientific 
enterprises  and  the  petty  details  of  his  daily  life. . . ,  Throughout  his  long  hfe  he 
never  transgressed  the  laws  under  which  he  seems  to  have  instincti\'ely  acted. . , . 
It  seems,  indeed,  to  have  been  impossible  for  Cavendish  to  investigate  any 
question  otherwise  than  quantitatively. . . . 

Whatever,  accordingly,  we  may  think  of  the  ideal  which  Cavendish  set  before 
him,  we  must  acknowledge  that  he  acted  up  to  it  with  undeviating  consistency; 
and  that  he  realised  it  to  a  far  greater  extent  than  most  men  realise  the  more 
lofty  ideals  which  they  set  before  tliem.  The  pursuit  of  trutli  was  with  him  a 
necessity,  not  a  passion.  In  all  his  researches  he  displayed  tiie  greatest  caution, 
not  from  hesitation  or  timidity,  but  from  his  recognition  of  the  difficulties  which 
attend  the  investigation  of  nature;  from  his  delight  in  reducing  everything  to 
numerical  mle,  and  his  hatred  of  error  as  a  transgression  of  law.  Cavcndo  ttttus 
was  the  motto  of  his  family,  and  seems  ever  to  have  been  before  him. 

On  the  other  hand,  Davy,  in  the  course  of  an  eloquent  tribute  to  the 
character  and  achievements  of  Cavendish  as  a  man  of  science,  delivered 
in  the  theatre  of  the  Royal  Institution,  a  few  weeks  after  his  death,  stated 
with  perfect  justice. 

it  ought  to  be  mentioned  in  estimating  the  character  of  Mr  Cavendish  that  his 
grand  stimulus  to  exertion  was  evidently  the  love  of  truth  and  of  knowledge:— 
unambitious,  unassuming,  it  was  often  with  difficulty  that  he  was  persuaded  to 
bring  forward  his  important  discoveries.  He  dishked  notoriety;  lie  was,  as  it 
re,  fearful  of  the  voice  of  fame^.  His  labours  consequently  are  recorded  with 
•atest  dignity  and  simplicity  and  in  the  fewest  possible  words,  without 

s  said  of  him  that  "he 
snce,  detested  flattery,  and  v 
to  Suppl.  to  Encyci.  Brit. 


vas  peevishly  impatient  of  the  ini 

s  uneasy  under  merited  praise."  Brand's  Pretacs 
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parade  or  apology ;  and  it  seemed  as  if  in  publication  he  was  performing  not  what 
was  a  duty  to  himself,  but  what  was  a  duty  to  the  public. 

Indeed,  as  regards  the  style  in  which  his  memoirs  are  put  together, 
Cavendish  would  seem  to  have  been  ever  faithful  to  the  injunction  laid 
upon  him  by  the  original  Statutes  of  the  Royal  Society  and  which  re- 
mained in  force  long  after  he  had  passed  away,  viz.  that  "in  all  reports  of 
experiments  to  be  brought  into  the  Society,  the  matter  of  fact  shall  be 
barely  stated,  without  any  prefaces,  apologies,  or  rhetorical  flourishes." 

Cavendish  is  usually  regarded  in  the  personal  history  of  science  as  a 
chemist.  Although  his  chemical  discoveries  are  among  his  greatest  scientific 
achievements,  it  may  be  questioned  whether  he  himself  would  so  reckon 
them.  In  reality  he  was  a  natural  philosopher  on  a  very  broad  gauge. 
Almost  every  department  of  the  physical  science  of  his  time  appealed  to  him 
with  equal  force  and  he  pursued  all  with  equal  zeal  and  success.  Never- 
theless, compared  with  some  of  his  contemporaries,  the  bulk  of  his  pub- 
lished work  is  not  large.  Most  of  his  investigations  seem  to  have  been  made 
to  satisfy  his  own  spirit  of  inquiry,  and  he  pursued  them  as  opportunity 
and  his  mood  impelled  him.  He  cared  little  for  the  judgement  and  opinion 
of  his  fellows  and  was  wholly  indifferent  to  scientific  fame.  At  no  time  was 
he  in  a  hurry  to  give  the  f  esults  of  his  labour  to  the  world,  and  it  not  seldom 
happened  that  these  either  remained  unpublished,  or  were  withheld  for 
years  after  they  were  actually  obtained.  It  may  be,  as  many  of  his 
drafts  would  seem  to  imply,  that  literary  composition  was  irksome  to  him. 
This  was  unfortunate  no  less  for  science  than  for  his  own  reputation.  The 
earlier  publication  of  the  cardinal  discovery  of  the  compound  nature  of 
water,  for  example,  would,  possibly,  although  by  no  means  certainly,  have 
effected  the  speedier  downfall  of  phlogistonism ;  it  would  at  least  have 
spared  us  what  is  known  in  the  history  of  science  as  the  Water  Controversy, 
with  its  regrettable  and  unfounded  aspersions  on  Cavendish's  scientific 
character  and  moral  worth. 

In  his  dislike  of  notoriety,  his  taciturnity,  and  disinclination  to  publish. 
Cavendish,  as  in  many  other  respects,  affords  a  striking  contrast  to  his 
contemporary  Priestley.   It  was  characteristic  of  Priestley  to  write: 

When,  for  the  sake  of  a  little  more  reputation,  men  can  keep  brooding  over  a 
new  fact,  in  the  discovery  of  which  they  might,  possibly,  have  very  little  real 
merit,  till  they  think  they  can  astonish  the  world  with  a  system  as  complete  as 
it  is  new,  and  give  mankind  a  prodigious  idea  of  their  judgment  and  penetration ; 
they  are  justly  punished  for  their  ingratitude  to  the  fountain  of  all  knowledge, 
and  for  their  want  of  a  genuine  love  of  science  and  of  mankind,  in  finding  their 
boasted  discoveries  anticipated,  and  the  field  of  honest  fame  pre-occupied  by 
men,  who  from  a  natural  ardour  of  mind,  engage  in  philosophical  pursuits,  and 
with  an  ingenuous  simplicity  immediately  communicate  to  others  whatever 
occurs  to  them  in  their  inquiries.  (Preface  to  Experiments  and  Observations  on 
Different  Kinds  of  Air,  Second  Edition,  1775.) 
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This,  we  may  be  reasonably  sure,  must  have  been  read  by  Cavendish,  who 
was  on  good  terras  with  Priestley  and  occasionally  corresponded  with  him, 
but  it  is  no  less  certain  that  he  was  entirely  uninfluenced  by  it. 

Cavendish  became  a  Fellow  of  the  Royal  Society  in  1760  and  its 
meetings,  in  Crane  Court,  Fleet  St.,  together  with  those  of  the  Royal 
Society  Club,  which  at  that  period  dined  at  the  "Mitre"  or  the  "Crown  and 
Anchor  Inn,"  the  Sunday  conversaziones  at  Sir  Joseph  Banks's  residence 
in  Soho  Square,  and  an  occasional  christening  at  Devonshire  or  Burlington 
House,  were  the  only  forms  of  social  relaxation  he  seems  to  have  allowed 
himself. 

In  spite  of  his  shyness  and  his  dishke  of  publicity,  he  was  an  active 
member  of  the  Society,  served  on  its  Council,  took  a  leading  part  in  a 
number  of  its  Committees,  and  was  a  loyal  and  zealous  supporter  of 
Sir  Joseph  Banks  throughout  the  long  and  occasionally  turbulent  reign  of 
that  masterful  President. 

In  commenting  on  Cavendish's  work,  other  than  his  electrical  researches 
which  have  been  edited,  mainly  from  the  unpubUshed  manuscripts  in  the 
possession  of  the  Duke  of  Devonshire,  by  Professor  Clerk  Maxwell,  and 
form  vol.  I  of  this  collection,  it  may  be  desirable  to  deal  first  with  his 
published  chemical  memoirs,  upon  which  his  fame  mainly  rests;  and  then 
with  the  rest  of  his  published  papers,  which  are  not  so  conveniently 
grouped. 

His  pubhshed  chemical  researches  are  described  in  seven  papers  con- 
tributed at  intervals  between  1766  and  1788  to  the  Philosophical  Tran- 
sactions, where,  in  fact,  all  his  pubhshed  work  of  whatever  kind  first 
appeared.  The  seven  papers  referred  to  deal  mainly  with  pneumatic 
chemistry. 

They  may  be  said,  in  a  certain  sense,  to  form  a  series  in  so  far  as  they 
are  concerned  with  a  particular  class  of  phenomena,  but  strictly  speaking 
their  subjects  are  independent. 

The  first  communication,  pubhshed  in  1766.  is  entitled,  "Three  Papers, 
containing  Experiments  on  factitious  Air."  The  title  is  significant  having 
regard  to  current  doctrine  concerning  the  nature  of  "air."  "By  factitious 
air,"  he  says,  "I  mean  in  general  any  kind  of  air  which  is  contained  in 
other  bodies  in  an  unelastic  state,  and  is  produced  from  thence  by  art." 
It  was  in  this  sense  that  the  term  was  first  used  by  Boyle.  Cavendish  then 
proceeds  to  give,  by  way  of  introduction,  a  general  account  of  his  methods 
of  manipulating  the  several  varieties  of  factitious  air  he  describes.  His 
arrangements  were  not  very  dissimilar  to,  nor  hardly  an  improvement 
upon,  tliose  of  Stephen  Hales,  the  real  father  of  pneumatic  chemistry,  with 
whose  work  he  was,  no  doubt,  familiar.  Like  his  predecessor,  he  collected 
the  "airs"  over  water,  suspending  the  collecting  vessels  by  means  of 
strings.  The  idea  of  the  shelf,  which  constituted  the  essential  feature  of 
the  pneiunatic  trough  contrived  by  Priestley,  the  "  tub,"  as  it  was  called  in 
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the  terminology  of  the  time,  may  be  said  to  have  originated  with  Dr  William 
BroN^Tirigg  and  is  described  in  a  paper  on  "An  Experimental  Enquiry  into 
the  Mineral  Elastic  Spirit,  or  Air,  contained  in  Spa  Water;  as  well  as  into 
the  Mephitic  Qualities  of  this  Spirit,"  printed  in  the  PhU,  Trans,  for  1765, 
p.  218.  BrowTirigg's  shelf,  however,  was  a  sort  of  rack  fixed  above  the 
level  of  the  water  and  perforated  with  holes  in  which  the  cyUnders  used  for 
collecting  the  *'  air  '*  were  inserted  and  held  in  position  by  wedges.  This  was 
certainly  a  more  convenient  arrangement  than  the  method  of  suspending 
the  vessels  by  strings,  adopted  by  Hales  and  Cavendish.  It  was  a  ver%' 
simple  step  to  place  the  shelf  below  the  level  of  the  water,  but  it  was  left 
to  Priestley's  nimble  wit,  some  five  or  six  years  after  the  pubhcation  of 
Cavendish's  pajXT.  to  make  it.  Cavendish,  in  fact,  showed  no  great  amount 
of  ingenuity  in  the  construction  of  new  apparatus  or  in  the  modification  of 
that  already  existing.  He  introduced  no  new  or  permanent  contri\ance 
into  operative  chemistry  but  was  content  to  make  the  best  use  possible  to 
him  of  such  as  lav  readv  to  his  hand.  Whatever  alterations  he  mav  have 
de\ised  were  directed  to  making  them  cajxable  of  affording  quantitative 
results.  He  cared  little  for  their  appearance  as  regards  elegance  of  form: 
his  main  concern  was  that  thev  should  be  efficient. 

The  published  paper  on  factitious  airs  is  diWded  into  three  pxarts. 
Part  1  consists  of  a  description  of  experiments  on  inflanmiable  air  from 
metals  (hydrogen).  Cavendish  sa\*s  he  knew  of  only  three  metaUic  sub- 
stanct^,  n;imely  zinc.  in.>n  and  tin.  that  generate  inflammable  air  on  solution 
in  acids:  and  those  only  by  solution  in  the  diluted  xitriohc  acid  (sulphuric 
acid)  or  spirit  of  salt  (hydrochloric  acid).  He  made  obser\-ations  on  the 
comparative  rates  of  solution  of  the  several  metals  in  the  different  acids, 
studied  the  influence  of  dilution  and  temperatiu-e.  and  ascertained  the 
volume  of  "air"  evolved.  He  found  that  i  ounce  (480  grains)  of  zinc  pro- 
duced 356  ounce  measures  of  "air,"  the  quantity  being  '*  the  same  which-so- 
ever  acids  of  these  it  is  dissolved  in.'*  The  same  quantity  of  iron  wire 
produced  abcmt  412  ounce  measiux^  of  air :  the  quantity  was  '*  just  the  same, 
whether  the  oil  of  xitriol  was  diluted  wth  i }  or  7  times  its  ^^-eight  of  water.** 
One  ounce  of  tinfoil  b\*  solution  in  strong  spirit  of  salt  \ielded  202  ounce 
measures  of  inflammable  air.  The  volumes  of  air  were  measured  "when 
the  thermometer  \^"as  at  30^^  and  the  barometer  at  30  inches."  These  results 
are  in  suh>tantial  accv^rdance  with  those  demanded  by  the  respective 
atomic  weights  of  the  metals. 

He  next  studied  the  action  of  ''nitrous  acid"  (nitric  acid^  and  of  un- 
diluted oil  of  \itriol  when  heated  upon  the  three  metals,  but  found  that  the 
"air"  which  was  generated  in  each  case  >»-as  "not  at  all  inflammable/*  He 
made  no  further  study  of  the  "aiis"  produced  in  thes*^'  cases  but  e\identlv 
considered  them  as  <L*ssentially  the  same  as  in  the  former  case  but  "modi- 
fied "  in  their  nature  by  the  action  of  the  acid  used  in  their  production. 
In  expJanatiou  of  the  difference  in  the  character  of  the  "airs'*  he  savs: 
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It  seems  likely  Irom  hence  that  when  either  of  the  above-mentioned  metallic 
substances  are  dissolved  in  spirit  of  salt,  or  the  diluted  vitriolic  acid,  their 
phlogiston  flies  off,  without  having  its  nature  changed  by  the  acid,  and  forms  the 
inflammable  air;  but  that,  when  they  are  dissolved  in  the  nitrous  acid,  or  united 
by  heat  to  the  vitriolic  acid,  their  phlogiston  unites  to  part  of  the  acid  used  for 
their  solution,  and  flies  off  with  it  in  fumes,  the  phlogiston  losing  its  inflammable 
property  by  the  union.  The  volatile  sulphureous  fumes,  [sulphur  dioxide] 
produced  by  uniting  these  metaUic  substances  by  heat  to  the  undiluted  vitriolic 
add,  shew  plainly,  that  in  this  case  their  phlogiston  unites  to  the  acid;  for  it  is 
well  known,  that  the  vitriolic  sulphureous  add  consists  of  the  plain  vitriohc 
add  united  to  phlogiston'. 

As  to  the  inflammable  air,  produced  by  dissolving  these  substances  in  spirit 
of  salt  or  the  diluted  vitriohc  acid,  there  is  great  reason  to  tliink  that  it  does  not 
contain  any  of  the  acid  in  its  composition;  not  only  because  it  seems  to  be  just 
the  same  whichever  of  these  acids  it  is  produced  by ;  but  also  because  there  is  an 
inflammable  air,  seemingly  much  of  the  same  kin.i  as  this,  produced  from  animal 
substances  in  putrefaction,  and  from  vegetable  substances  in  distillation,  as  will 
be  shown  hereafter;  though  there  can  be  no  reason  to  suppose  that  this  kind  of 
inflammable  air  owes  its  production  to  any  acid. 

We  have  here  a  striking  illustration  of  what  has  been  styled  "the 
prejudice  of  that  epoch"  which  was  "not  to  regard  compound  substances 
as  simple,  but  to  consider  undecompounded  substances  as  compound," 
It  was  no  doubt  a  prejudice,  which  as  Mr  Harcourt  asserts,  "infected  the 
whole  of  chemistry"  at  the  time,  and  Cavendish  was  not  insensible  to  it. 
But  in  spite  of  the  special  pleading  of  the  learned  President  of  the  British 
Association  there  can  be  no  question  that  Cavendish  remained  fettered  by 
the  complexity  of  the  phlogistic  theory  to  the  end;  he  never  at  any  time 
sat  "loose"  to  the  favourite  hypothesis:  on  the  contrary  he  clung  to  it 
with  as  much  persevering  tenacity  as  any  one  of  his  countrymen. 

Cavendish,  it  will  be  gathered,  imagined  that  the  inflammable  air  in  all 
cases  came  from  the  metals  as  they  were  dissolved,  and  not  from  the 
diluted  acids.  This  of  course  was  in  conformity  with  current  doctrine.  He 
was  at  first  led  to  believe  that  the  inflammable  air  unmodified  by  the  acid 
was  in  fact  pure  phlogiston,  but  although  he  afterwards  changed  this 
opinion,  the  identity  of  phlogiston  with  hydrogen  was,  from  this  time 
forth,  held  to  be  estabhshed  by  one  section  at  least  of  the  Phlogiston 
School,  notably  by  Priestley,  Kirwan  and  Watt. 

Cavendish  then  proceeded  to  study  the  properties  of  hydrogen.    He 


D  original  paper.  "  Sulphur  is  allowed  by  chymists,  to  consist  of  the 
plain  vitriolic  acid  united  to  phlogiston.  Tl>e  volatile  sulphureous  acid  appears  to 
consist  of  tlie  same  acid  united  to  a  less  proportion  of  phlogiston  than  what  is 
required  to  form  sulphur.  A  circumstance  which  I  think  shows  the  truth  of  this,  is 
that  if  oil  of  vitriol  be  distilled  horn  sulphur,  theliquor,  which  comes  over,  will  be  the 
volatile  sulphureous  acid." 
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found  that  it  had  no  tendency  to  lose  its  elasticity  by  keeping,  and  that  it 
was  not  absorbed  by  water  or  by  fixed  or  volatile  alkalis.  Its  explosibihty 
when  mixed  with  common  air  had,  he  says,  been  observed  by  others,  and 
he  sought  to  determine  how  the  effect  varies  with  the  proportions  in  which 
the  "airs"  are  mixed,  by  noting  the  loudness  of  the  sound  when  a  piece  of 
lighted  paper  is  appUed  to  the  mouth  of  the  bottle.  He  offers  no  opinion 
as  to  the  real  cause  or  significance  of  the  explosion,  nor,  inasmuch  as  the 
mixture  was  made  over  water,  is  it  at  all  surprising  that  he  failed  to  notice 
the  appearance  of  moisture  as  a  result  of  the  combustion  of  the  inflammable 
air. 

He  compared  the  hydrogen  obtained  by  the  use  of  the  different  metals 
and  by  the  action  of  both  sulphuric  and  hydrochloric  acids,  but  was  unable 
to  perceive  any  difference.   His  general  conclusion  is  that 

it  appears  from  these  experiments  that  this  [inflammable]  air,  like  other  in- 
flammable substances,  cannot  bum  without  the  assistance  of  common  air.  It 
seems  too,  that,  unless  the  mixture  contains  more  conmion  than  inflammable  air, 
the  conmion  air  therein  is  not  sufficient  to  consume  the  whole  of  the  inflammable 
air;  whereby  part  of  the  inflammable  air  remains,  and  burns  by  means  of  the 
conmion  air,  which  rushes  into  the  bottle  after  the  explosion. 

He  next  attempted  to  ascertain  the  relative  density  of  the  inflammable 
air  from  metals  as  compared  with  common  air  by  ascertaining  the  weight 
of  the  same  bladder  when  filled  successively  with  the  two  "airs."  The 
experiments  were  repeated  with  hydrogen  from  the  various  sources  but  no 
certain  difference  could  be  perceived:  "the  small  difference  observed  in 
these  trials  is  in  all  probabihty  less  than  what  may  arise  from  the  unavoid- 
able errors  of  the  experiment."  The  average  of  the  trials  showed  that 
80  ounce  measures  of  inflammable  air  weigh  41  grains  less  than  an  equal 
bulk  of  common  air.  On  the  assumption  that  water  is  800  times  denser 
than  common  air,  this  air  would  be  seven  times  heavier  than  inflammable 
air:  if  Hauksbee's  value  of  850  be  adopted,  then  common  air  will  be  eleven 
times  heavier  than  hydrogen.  Both  values  are,  of  course,  erroneous, 
hydrogen  being  more  than  fourteen  times  lighter  than  air.  Cavendish's 
method  was  faulty  in  principle.  He  was  aware  of  certain  sources  of  error 
due  to  leakage  and  admixture  with  common  air  and  the  presence  of  water- 
vapour.  He  made  an  attempt  to  estimate  the  influence  of  water-vapour 
by  passing  a  known  volume  of  the  gas  over  dried  pearl-ashes,  and  noting 
the  increase  in  weight  of  the  drying  material.  To  check  his  results  he  made 
another  series  by  a  second  method  based  on  a  different  principle.  He 
sought  to  determine  the  weight  of  hydrogen  evolved  on  the  solution  of  a 
known  weight  of  metal,  taking  the  precaution  to  pass  the  hydrogen  over 
dry  pearl-ash  which  he  found  by  direct  experiment  not  to  absorb  any 
sensible  quantity  of  inflammable  air.  Knowing  from  his  previous  experi- 
ments the  volume  of  hydrogen  at  a  known  temperature  and  pressure  pro- 
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duced  by  the  solution  of  a  known  weight  of  the  metal  he  was  in  a  position 
to  calculate  the  specific  gra\'ity  of  hydrogen  as  compared  with  water  and 
thence  with  common  air. 

The  experiments,  as  in  the  first  series,  were  made  with  hydrogen  pro- 
duced by  tiie  action  of  sulphuric  and  hydrochloric  acids  upon  the  different 
metals  biit,  as  in  that  case,  no  certain  difference  could  be  ascertained. 
"By  a  medium  of  the  experiments,  inflammable  air  comes  out  8760  times 
lighter  than  water,  or  eleven  times  lighter  than  common  air." 

Cavendish  concludes  this  section  of  his  paper  by  an  account  of  the 
result  of  an  attempt  to  ascertain  if  any  inflammable  air  could  be  obtained 
from  copper  by  solution  in  spirit  of  salt.  He  could  not  obtain  it  by  this 
means  but  the  phenomena  seemed  "remarkable  enough  to  deserve  men- 
tioning." In  the  cold  there  was  no  action; 

but,  with  the  assistance  of  a  heat  almost  sufficient  to  make  the  acid  boil,  it  made 
a  considerable  effervescence, ..  .when  the  water  [from  the  pneumatic  trough] 
rushed  violently  through  the  bent  tube. .  .and  filled  it  almost  intirely  full. 
He  then  varied  the  experiment  so  that  the  end  of  the  tub*:  of  the  generating 
vessel  was  exposed  to  the  air. 

As  soon  as  the  effervescence  began,  the  vapours  issued  visibly  out  of  the 
bent  tul>e;  but  they  were  not  at  all  inflammable,  as  appeared  by  applying  a  piece 
of  lighted  paper  to  the  end  of  the  tube.  A  small  empty  phial  was  then  inverted 
over  tlie  end  of  the  bent  tube,  so  that  the  mouth  of  the  phial  was  immersed  in 
the  water,  the  end  of  the  tube  being  within  the  body  of  the  phial  and  out  of  fhe 
water.  The  common  air  was  by  degrees  expelled  out  of  the  phial,  and  its  room 
occupied  by  the  vapours;  after  which,  having  chanced  to  shake  the  inverted 
phial  a  httle.  the  water  suddenly  rushed  in  and  filled  it  almost  full;  from  thence 
it  passed  through  the  bent  tube  into  the  bottle  and  filled  it  quite  full. 

Had  Cavendish  followed  up  this  observation  he  would  in  all  prob- 
ability have  discovered  the  nature  of  the  "elastic  fluid  which,"  as  he  says, 
"immediately  loses  its  elasticity,  as  soon  as  it  comes  in  contact  with  the 
water."  As  it  was,  the  discovery  of  the  "Marine  Acid  Air"  was  left  to 
Priestley,  who  in  1772,  on  repeating  Cavendish's  experiment,  found  that 
the  copper  was  not  really  concerned  in  the  generation  of  the  "air"  which 
came  from  the  acid  when  heated. 

The  second  part  of  the  paper  is  entitled:  Containing  Experiments  on 
Fixed  Air.  or  that  Species  0/  Factitious  Air,  which  is  produced  from  Alkaline 
Substances,  by  Solution  in  Acids  or  by  Calcination. 

Tlie  particular  form  of  the  title  calls  for  a  few  words  of  comment.  The 
term  Fixed  Air  although  used  prior  to  Black  to  denote  air  which  entered 
into  the  composition  of  substances  and  became  thereby  latitant  was 
restricted  by  Black  to  the  gas  we  now  term  carbon  dioxide.  Strictly 
speaking  it  was  of  course  equally  applicable  to  any  form  of  "factitious 
air,"  as  this  was  defined  by  Boyle  and  Cavendish.  The  fact  that  it  was  not 
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sufficiently  descriptive  was  perfectly  obvious  to  Cavendish,  as  he  implies 
in  the  opening  {>aragraph  of  his  paper.  But  inasmuch  as  the  term  was 
current  in  the  chemical  literature  of  the  period,  he  usc*s  it  in  the  sense  to 
which  it  was  first  restricted  by  Black  in  or  about  1754  or  1755.  In  his 
famous  paper  Experiments  upon  Magnesia  Alba  Black  gives  no  detailed 
account  of  the  properties  of  Fixed  Air  in  the  free  state;  his  main  object 
w;is  to  show  its  influence  ui  determining  the  "  mildness"  of  alkalis.  WTiat 
he  actuallv  stated  was  tliat 

quicklime ...  is  capable  of  biding  joined  to  one  particular  species  [of  air]  only, 
which  is  di>|x^rsed  through  the  atniosphere.  tithcr  in  the  shapx*  of  an  exceedingly 
subiK'  pvnvder.  or  more  probably  in  that  of  an  elastic  lluid.  To  this  1  have  given 
the  n.mie  oi /ixc'J  air.  and  pcTh.ips  very  iniprojHrly ;  but  1  thought  it  better  to 
u>^^  a  Wi»rd  air  alreaily  l^uuiliar  in  philosophy,  than  to  invent  a  new  name,  before 
^»e  Iv  fully  aoquaintevl  with  the  nature  and  proixTties  of  this  sub.-tance.  which 
will  pa^bably  Iv  the  subject  of  my  further  intjuiry. 

The  rt^ults  of  this  further  inquiry,  if  made,  were  never  publislu^  by  him. 

BL\ck  was  clearly  conscious  that  his  fixed  air  was  distinct  fn>m  common 
air  and,  as  stated,  may  pt^ssibly  have  illustrattxl  the  distinction  in  his 
lectures  at  Glasgow  and  Edinburgh,  but  no  pul)lislu^  account  of  these 
appeared  until  simie  years  after  the  date  oi  Cavendi>h's  papiT. 

Tavendish  prejKi^d  the  lixtxi  air  of  Black  by  the  action  of  spirit  of 
salt  v.ivn  marble,  c».»llecting  the  gas  in  the  usual  way  over  the  pneumatic 
troii^h.  He  found,  as  liad  Ixxn  already  (observed  by  Macbride.  as  indetxl 
he  r*.n:arks.  that  the  air  was  abM»rbed  by  water  and  that  the  dilution  pre- 
cipitated "the  earth  iri^«m  linir  water:  a  sure  sign  that  it  had  absorbed 
ELXi-vi  .iir."  He  notivixi  that  it  could  bi  preser\-etl.  apparently  indefinitely, 
ovtr  nurj;:r\".  By  c.4kvting  a  known  vv>lumi*  of  the  gas  o\er  the  mercurial 
pnt  lunatic  tr^^ugh  in  a  i^raduati^l  cylinder  in  which  wa>  introduccni  a 
known  vv^Iiinic  of  water  "well  purgt.H.1  oi  air  by  Uuling.*'  it  was  found  that 
water,  when  the  thermometer  is  alx^ut  ^S'  F.,  will  absorb  rather  more  than 
an  t\ji:ai  bvJk  ci  the  <.is.  moi"e  Iving  absorlwl  in  coUl  weather  tlian  in 
wann.  "  Water  heatevi  tv  the  bv^ilinc  jvnnt  is  so  far  from  absorbini:  air  that 
it  parts  with  what  it  has  .Uready  absorlx^l.**  After  Ivin^  >o  heated  it  was 
touxtd.  cr.  :;r  lir.^'.  "not  tv^  make  any  precipitate,  or  to  Kvome  in  the  lea<t 
cloudy  o::  r.vl\ir.i:  it  with  lime  water.  Kxjx^ixl  to  the  ojvn  air  in  a  s^iucer 
lor  a  few  da\>  the  s<^li:tion  also  iwrts  with  the  tixixl  air.  as  the  lime-water  no 
lor.iier  rtr.dtrs  ::  cIo.kIv.  Spirits  of  wine  at  the  heat  of  40^  F.  absorbs  near 
^{  ti::i-v^  Its  bulk  o!  nxixl  air,  and  v>live  oil  rather  more  than  an  e\|ual  bulk. 
Caver.dish  was  d:s;x\s<\l  to  think,  however,  that  "lixtxl  air  Ci»ntaiiud  in 
marbie  cv>Ks:sts  o:  subst.uict^  of  dirtennt  naturi^.  |\irt  of  it  ixing  more 
sofuble  in  water  than  the  r^^t/  an  v^pinivm  from  which  Black  disscntixl, 
but  which,  curiousiv  e:^ou5:h,  has  r^xxMitlv  Ixxmi  revi\  t\l  in  a  lUvxiituxi  l\»rm 
in  Russia. 
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A  determination  by  Cavendish  of  its  specific  gravity  by  means  of  a 
bladder  showed  that  fixed  air  is  1-57  times  heavier  than  common  air- — 
a  fair  approximation  to  the  truth.  ' '  Fixed  air  has  no  power  of  keeping  fire 
alive,  as  common  air  has ;  but,  on  the  contrary,  that  property  of  common 
air  is  very  much  diminished  by  the  mixture  of  a  small  quantity  of  fixed 
air."  Air  containing  about  one-ninth  of  its  bulk  of  fixed  air  will  not 
support  the  flame  of  a  candle. 

He  next  made  a  series  of  determinations  of  the  amount  of  fixed  air  in 
various  "alcaline  substances"  by  observing  the  loss  of  weight  which 
known  amoimts  suffered  by  solution  in  hydrochloric  or  sulphuric  acid 
The  apparatus  was  identical  with  that  employed  in  ascertaining  the  weight 
of  hydrogen  evolved  by  the  action  of  acids  on  metals,  except  that  the 
drying  tube  "was  filled  with  shreds  of  filtering  paper  instead  of  drv 
pearl  ashes;  for  pearl  ashes  would  have  absorbed  the  fixed  air  that 
passed  through  them."  The  substances  examined  were  marble,  volatile 
sal  ammoniac  (ammonium  carbonate),  pearl  ashes,  and  acid  potassium 
carbonate  which  Cavendish  prepared  by  exposing  "salt  of  tartar"  (potas- 
sium carbonate)  to  an  atmosphere  of  carbtmic  acid.  The  quantitative 
results  are  only  rough  approximations  to  the  truth,  but  they  are  historically 
interesting  as  being  the  first  fairly  successful  attempts  to  analyse  carbonates. 

Part  III  contains  the  results  of  "Experiments  on  the  Air  produced  by 
Fermentation  and  Putrefaction." 

Macbride  had  shown  that  vegetable  and  animal  substances  yield  fixed 
air  by  fermentation  and  putrefaction.  Cavendish  found  that  this  was  the 
case  in  the  alcoholic  fermentation  of  sugar  and  apple-juice,  and  that  the 
fixed  air  formed  was  identical  with  that  produced  from  marble.  Nor  was 
the  nature  of  common  air  affected  by  the  fermenting  liquid,  since 
a  small  phi^il  being  filled  with  one  part  of  this  air  and  two  of  inflammable  air; 
tlie  mixture  went  off  with  a  bounce,  on  applying  a  piece  of  lighted  paper  to 
the  mouth,  with  exactly  the  same  appearances,  as  far  I  could  jjcrceivc,  as  when 
the  phial  was  filled  with  the  same  quantities  of  common  and  inflammable  air. 

The  "air"  produced  from  gravy  broth  and  from  raw  meat  by  putre- 
faction was  found  to  consist  of  a  mixtiu^e  of  fixed  air  and  inflammable  air, 
which  could  be  separated  by  soap-leys.  He  determined  the  explosibility 
of  a  mixture  of  this  inifammable  air  and  common  air;  "it  went  off  with  a 
gentle  bounce  on  applying  the  lighted  paper;  but  I  think  not  so  loud  as 
when  the  phial  was  filled  with  the  last  mentioned  quantities  of  air  from 
zinc  and  common  air."  A  determination  of  its  specific  gravity  showed 
"that  this  factitious  air  should  seem  to  be  rather  heavier  than  air  from 
zinc;  but  the  quantity  tried  was  too  small  to  afford  any  great  degree  of 
certainty."  The  conclusion  was  that  "on  the  whole  it  seems  that  this  sort 

I  of  inflammable  air  is  nearly  of  the  same  kind  as  that  produced  from  metals. 
It  should  seem  however,  either  to  be  not  exactly  the  same,  or  else  to  be 
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mixed  with  some  air  heavier  than  it,  and  which  has  in  some  degree  the 
property  of  extinguishing  flame,  Uke  fixed  air." 

It  would  appear  that  this  paper  >^-as  originally  intended  to  consist 
of  four  parts.  Part  IV,  although  completed  and  ready  few  press,  for 
some  reason  was  withdrawTi.  It  has  already  been  made  public  by  the 
Rev.  William  Harcourt  in  the  Postscript  to  his  Presidential  Address  to  the 
British  Association  in  1839*.  It  is  to  be  found  among  the  mss.  preserved  at 
Chatsworth  and  will  be  reprinted  in  this  volume  and  referred  to  subsequently. 

The  papers  by  Cavendish  on  "Factitious  Airs"  and  that  of  Black, 
published  a  dozen  years  pre\iously,  together  constitute  an  epoch  in  the 
history  of  chemistry.  The  early  alchemists  appear  to  have  had  some  slight 
knowledge  of  an  inflammable  air  produced  by  the  action  of  adds  upon 
metals.  Van  Helmont.  to  whom  we  owe  the  term  gas,  was  aware  of  the 
existence  of  various  forms  of  **air/'  as  were  Boyle  and  Mayow.  That 
hydrogen  \^'as  combustible  was  clearly  recognised  by  Turquet  de  Mayeme 
in  the  seventeenth  century  and  L^mer\'  in  1700  noticed  the  detonating 
property  of  a  mixture  of  this  gas  wth  common  air.  That  an  inflammable 
air  was  occasionally  present  in  coal-workings  was  also  known,  and  a  dis- 
tinction was  dra\*Ti  bet\%"een  fulminating-  or  fire-damp  and  chc^Le-damp. 
Stephen  Hales  in  his  VtgdaUf  Static ks  (1727)  and  in  his  Hamastaticks 
(1732)  had  sho^^Ti  that  *'ain>"  of  different  characters  might  be  obtained  by 
a  variety  of  operations.  But.  like  his  predecessors,  he  attached  no  very 
definite  impi^rtance  to  the  diversities  of  colour.  smeU,  solulnhty  in  water, 
inflanmiabihty.  etc..  which  he  noticed:  and  his  imperfect  attempts  to 
determine  the  n^ative  densities  of  the  \*arious  airs  only  served  to  omfirm 
him  in  his  belief  that  they  were  essentially  identical,  but  "infected"  or 
**  tainted  "  \%*ith  extrontxnis  **  Uum*s.*'  "  \'ap^nirs  "*  and  ** suljAurous  sfMrits." 
Hales's  Essa\*s  had  a  cv^nsiderable  vi^ie  in  their  day  but  whilst  they  may 
be  said  in  one  sense  to  have  laid  the  foundations  of  pneumatic  chenustr\\ 
in  another  they  prv^bably  retarded  its  development,  by  serving  to  streng- 
then the  bt^ief.  ^u>  a  relic  of  mediaeval  scholasticism,  in  one  uni\"ersal  and 
elementar\*  air.  It  was  only  alter  the  pubUcation  of  CaA^endish's  paper 
when  he  cv^nclusiwly  established  that  the  cv^nstont  differences  in  the 
characters  of  "airs.'*  to  some  of  which  he  w^is  a  We  to  assign  quantitatix'e 
values,  were  the  real  indicatii^ns  of  their  indixidudlity.  that  Hales  s  E555a\'s 
acquired  their  full  importance.  The  prv^ix^rties  which  Hales  noted,  but  of 
which  he  failed  to  perveiw  the  significance,  nvre  then  recognised  as  passible 
clues  to  the  existence  of  a  varit^tv  v>f  elastic  fluKls  differin.^  essentiallv  from 
common  air. 

This^  then,  is  the  i:TtMi  merit  ot  CawndtJis  paper:  it  gaw  a  final  and 
decisix'e  blow  to  the  cv^nc\*ptiv>n  of  a  uniw^rsal  air.  eleraentar>*  and  primcHr- 
dial.   That  its  trtte  sii:nificancx^  was  ewrx'where  olearh*  pen>H\"ed  is  abun- 
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dantly  proved  by  the  literature  of  the  period.  The  Royal  Society  showed 
their  appreciation  of  its  merit  by  awarding  its  author  a  Copley  Medal.  It 
gave  a  great  impetus  to  the  study  of  pneumatic  chemistry  and  no  doubt 
influenced  Priestley  in  choosing  this  particular  branch  of  chemical  inquiry 
for  his  first  essays  in  original  investigation,  thereby  leading  to  a  great 
extension  of  our  knowledge  of  gases,  and  eventuaUy  to  a  complete  revolu- 
tion in  chemical  doctrine. 

It  seems  to  have  been  Cavendish's  practice  to  keep  several  in- 
vestigations running  concurrently,  although  these  were  not  invariably 
experimental,  or  concerned  with  a  single  department  of  science.  During 
the  time  that  he  was  engaged  on  his  inquiry  into  "factitious  airs"  he 
was  also  occupied  with  an  examination  of  certain  natural  waters,  made 
primarily  with  a  view  of  throwing  light  upon  the  cause  of  the  "suspension 
[solution]  of  the  calcarious  earth  which  is  separated  from  them  by  boiling," 
The  results  of  this  inquiry  were  read  to  the  Royal  Society  on  February  igth, 
1767,  and  are  published  in  the  Phil.  Traits,  for  that  year. 

Dr  Brownrigg  in  a  paper  entitled  "An  Experimental  Enquiry  into  the 
Mineral  Elastic  Spirit,  or  Air,  contained  in  Spa  Water;  as  well  as  into  the 
Mephitic  Qualities  of  this  Spirit."  published  in  the  Phil.  Trans,  for  1765. 
had  already  thrown  some  light  upon  this  matter  and  had  shown  that  this 
"spirit  was  "  identical  with  that 

most  subtile  and  active  exhalation,  which,  in  many  places  perspires  from  springs 
and  lakes,  and  other  openings  of  the  earth;  or  arises  in  pits  and  mines,  where  it 
is  discovered  by  extinguishing  flame ;  and  from  its  pernicious  effects,  in  kilting  all 
animals  that  breathe  therein,  is  known  to  our  miners  by  the  name  of  choak- 
damp. 

Shaw  had  previously  collected  "air"  from  Scarborough  water,  as  also  had 
Home  from  the  chalybeate  water  of  Dunse,  in  Scotland,  but  they  appear 
to  have  regarded  it  as  identical  with  common  air.  Brownrigg  drew  atten- 
tion to  the  fact ' '  that  in  proportion  as  this  mineral  air  is  separated  by  heat 
in  the  same  proportion  the  more  gross  earthy  parts  of  the  water  seem  also 
to  separate  from  it,"  but  he  offers  no  sufficient  explanation  of  the  pheno- 
menon. The  examination  of  the  Rathbone  Place  water  by  Cavendish 
resulted  in  clearing  up  the  matter.  At  that  period  most  districts  in  London 
were  supplied  by  wells  or  springs;  the  water  of  Rathbone  Place  was 
formerly  raised  by  an  engine  and  served  the'  immediate  neighbourhood. 

Cavendish  incidentally  made  an  attempt  to  gain  some  information  con- 
cerning the  amount  and  nature  of  the  saline  ingredients  in  the  water  which 
he  found  to  contain  i7-5grainsof  soluble  matter  to  the  pint,  of  which  about 
half  was  observed  to  consist  of  calcium  carbonate  and  a  Uttle  magnesium 
carbonate,  the  rest  being  sodium  chloride  with  small  quantities  of  the 
sulphates  of  lime  and  magnesia.  An  imsuccessful  search  was  made  for 
nitrates,  which  were  found  in  other  London  well  waters,  but  a  notable 
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amount  of  "  volatile  alcali "  was  detected,  which  seems  to  reflect  somewhat 
upon  the  pmity  of  the  supply.  The  details  of  the  inquiry  are  interesting  as 
an  early  example  of  water-analysis.  The  examination  of  the  gaseous  con- 
tents of  the  water  appears  to  have  chiefly  interested  Cavendish,  and  the 
greater  part  of  the  paper  is  devoted  to  a  description  of  the  method  of  pro- 
curing and  analysing  them.  He  found  that  the  greater  quantity  was  fixed 
air,  and  that  the  rest  was  common  air,  which  he  tested  by  his  explosion 
method  with  hydrogen,  and  by  determining  its  specific  graWty.  With 
characteristic  caution  he  satisfied  himself  that  the  fixed  air  was  not 
generated  by  boiling,  but  that  it  pre-existed  in  the  water.  As  regards  the 
effect  of  fixed  air  in  determining  the  solubihty  of  the  earthy  carbonates  his 
experiments  led  him  to  conclude  that : 

It  seems  likely  from  hence,  that  the  suspension  [solution^  of  the  earth  in  the 
Rathbone  place  water  is  owing  merely  to  its  being  united  to  more  than  its 
natural  proportion  of  fixed  air;  as  we  have  shown  that  this  earth  is  actually 
united  to  more  than  double  its  natiu'al  proportion  of  fixed  air,  and  also  that  it 
is  inmiediately  precipitated,  either  by  dri\'ing  off  the  superfluous  fixed  air  by 
heat,  or  absorbing  it  by  the  addition  of  a  proper  quantity  of  lime-water. 

The  experiments,  in  fact,  plainly  foreshadow  the  lime-process  of  water- 
softening.  Cavendish  comments  upon  the  paradoxical  fact  that  calcareous 
earths  should  be 

rendered  soluble  in  water,  by  furnishing  them  with  more  than  their  natural 
proportion  of  fixed  air,  i.e.  that  they  should  be  rendered  soluble,  both  by  de- 
priving them  of  their  fixed  air,  and  by  furnishing  them  with  more  than  their 
natural  quantity  of  it, 

and  he  multiplies  experiments  in  proof  of  it. 

Cavendish's  third  chemical  memoir  was  not  published  until  1783  when 
he  communicated  to  the  Royal  Society  a  paper  on  "A  New  Eudiometer" 
printed  in  the  Phil.  Trans,  for  that  year. 

During  the  years  that  followed  the  publication  of  his  paper  on  the  Rath- 
bone  Place  water  he  was  occupied  with  other  than  chemical  work,  notably 
with  the  electrical  researches  which  form  the  subject  of  the  volume  to  which 
this  is  a  companion,  as  well  as  with  other  inquiries  which  will  be  referred 
to  later. 

The  seventeen  years  which  elapsed  between  the  publication  of  his 
second  and  third  chemical  memoirs  were  singularly  fruitful  in  dis- 
coveries in  pneiunatic  chemistry,  thanks  more  especially  to  the  labours  of 
Priestley  and  Scheele.  The  existence  of  a  large  number  of  gaseous 
substances,  some  of  which,  it  was  subsequently  found,  had  actually 
been  prepared,  but  not  clearly  recognised  by  Hales,  was  now  definitely 
established.  Owing,  however,  to  the  Umited  means  of  analytical  chemistry 
at  this  period  the  composition  and  true  relationships  of  these  gases  were 
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very  imperfectly  iinderstood.  The  plienoniena  they  exhibited  were  ex- 
plained, whenever  possible,  in  terms  of  the  phlogistic  hypothesis,  and  the 
explanation,  so  far  from  elucidating  the  facts,  frequently  wholly  obscured 
them.  Until  late  in  the  eighteenth  centmy  the  various  "airs"  were  still 
roughly  grouped  as  fixed,  mephitic  and  inflammable  although  more  than 
one  observer  had  pointed  out  the  inadequacy  of  sucli  a  classification,  many 
'■  airs  "  being  both  inflammable  and  mephitic,  whilst  the  term  "  fixed  "  was, 
strictly  speaking,  appUcable  to  all  forms  of  "factitious  air." 

Even  after  the  existence  of  a  variety  of  "airs"  had  been  made  known, 
it  was  years  before  the  fact  that  they  were  individual  and  independent 
substances  and  not  necessarily  co-related  was  clearly  and  definitely  recog- 
nised— so  ingrained  was  the  general  belief  of  the  schoolmen  in  ' '  air  "  as  an 
elementary  and  primordial  substance.  The  specific  differences  in  mode  of 
origin  and  characters  of  the  various  "inflammable  airs"  were,  it  might  be 
thought,  sufficient  to  indicate  that,  as  Keir  wrote  to  Priestley  so  late  as 
t7go,  "  there  is  not  one  inflammable  but  many  inflammables,  which  opinion 
you  now  think  as  heterodox  as  the  Athanasian  system."  Priestley's  in- 
ability to  recognise  the  difference  between  carbonic  oxide  and  hydrogen 
led  Watt  to  conclusions  based  upon  wholly  fallacious  data,  whilst  streng- 
thening his  own  belief  in  the  invalidity  of  Cavendish's  interpretation  of  the 
experiments  which  established  the  compound  nature  of  water  and  the 
nature  and  proportion  of  its  constituents. 

That  common  air  was  a  mixture  of  two  dissimilar  "airs,"  one  only  of 
which  was  concerned  with  the  phenomena  of  respiration  and  combustion, 
had  been  recognised,  more  or  less  clearly,  since  the  time  of  Mayow,  but  by 
the  followers  of  Stahl  it  was  surmised  that  the  essential  distinction  between 
the  two  airs  consisted  in  the  presence  or  absence  in  them  of  phlogiston — 
the  respirable  and  fire-air  being  devoid  of  phlogiston  whereas  the  other  air 
— the  mephitic  air  in  the  atmosphere  (nitrogen) — was  saturated  with  it. 
Combustion,  decay  and  putrefaction,  the  breathing  of  animals,  and  other 
processes,  resulting  as  we  now  recognise  in  the  abstraction  of  oxygen,  were 
considered  as  phlogisticating  the  air.  and  the  relative  goodness  or  badness 
of  common  air  was  for  a  time  considered  to  depend  upon  the  degree  of  its 
phlogistication.  Accordingly  the  efforts  of  chemists  were  directed  to  finding 
a  method  whereby  the  extent  to  which  common  air  was  phlogisticated  by 
the  various  vitiating  processes  to  which  it  was  subjected  could  be,  if 
possible,  quantitatively  ascertained.  It  was  imagined  that  in  this  manner 
a  definite  numerical  value  could  be  associated  with  the  relative  salubrity 
of  air  in  different  localities  and  in  different  climates.  Priestley's  discovery 
that  nitrons  air  (nitric  oxide)  when  brought  in  contact  with  common  air  in 
a  vessel  standing  over  water,  combined  with  that  portion  devoid  of 
phlogiston,  the  product  dissolving  in  water,  seemed  to  afford  the  basis  of 
a  method  for  determining  the  amount  of  air  not  already  phlogisticated — 
in  other  words,  a  method  for  ascertaining  the  relative  goodness  of  air. 
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A  considerable  nuinlur  «•!  aiiaiu'i  lui  ru>  Im-^hI  iii>*in  this  principle  wcii- 
accordingly  dtviMcl  l»y  iIi*  iiii-i^.  ii«t.ibl\  li\  l*rii>tltv.  Fontana.  Macvllar. 
Dobson,  and  Lanilri.mi.  tin  Ki-i-n.nii' «l  n-iniiit:  tin-  word  EuiiiL^mtWr  \\ 
which  thev  wt'n'<<»inmniil\-  Mi  >i;:riat»  il.  I  In-i  litiniral  tlui»rv  of  tht:  m-  th-J 
was,  ul  coursr,  iinkiU'wn.  a-  ^\a«^  tin  t.n  i  that  nitric  nxidt-  and  oxyccn  ar 
capable  of  nnilint:  in  diti»p  iii  junj-Mit^'ii--  bv  vohimo,  accnrdint;  t'»  'ir- 
cumstancrs.  It  wa>  (|iii*  kl\  r«  •  «';^iii><  «1  li"\\«'V»  r  tliat  i*t»nr«irdant  and  com- 
parable result^  rnjild  hhIv  bi-  ••l>taiii'  «l  b\  ••jM-iatinii:  in  a  uniform  manr.'r, 
and  the  ditfrrrn<i-»  in  thf  \aii«»M>.  m.  tln^U  ^M^;^t>ti'd  from  tinii-  t«»  tin:^ 
consisted  for  thi-  mn>t  p.irt  in  tbi  ni«M|.  in  \vbi«  h  nnif«»m"iity  •->f  priKrtdur*' 
was  thought  to  bf  m  « iin-d. 

Am<»ng  thf>r  ixjM  linirnti  I-  \s.i-<  .i\'  inli^h,  whn,  in  17N1,  cnttTcd  ufH':] 
a  critical  inquirv  at  hi>  Iab"i.iti'i\  in  dr'.it  MarllNinui^h  St..  i»n  ih-r 
working  of  tin-  nitri*  «»\i'.li  •ndp-ni*  !•  i.  and  ni.nlr  <«»nsidLTabK-  n"i«»ditica- 
tions  in  the  apparatu>  with  .i  \  it  \s  «'t  ••bviatin;^  <«Ttain  sources  of  irrrsni- 
larity  which  hr  nnllM-*!  in  tip-  «'.in-i  "1  bi^  trials.  Thcsf  ho  st*ts  init  at 
Irngth  in  hi>  pajnr.  Ili-»  tMin'Mni  t-  r  -nlli  n-d  in  |Mirtability,  ease  and 
rapidity  of  workin;^'  wb«  11  «"nipait<l  with  ntbtr  fudiometcrs,  such  a: 
Prii^tk-y's,  but  it  wa>  far  in'tii-  «  apabli-  "I  u'ixin;^'  constant  rt-sults.  and  in 
his  hands  cfhrtid  what  Wti^  n-ithinij  !•—  than  a  n -volution  in  currrn! 
doctrine  concernin.i!  thi-  •  'iM^tituti«»n  and  tum  ti«»n>  of  the  atmckspIuTe.  H^ 
conclusiwlv  ^'^tabh^h•  <l  that  I  I'nnnMH  air  -••  t.ir  fi«»m  brini'  wdelv  variabk 
in  charac  trr,  a>  nii.^ht  na^oiiabh  bi  >iippii-<  d  tinin  thf  numiTous  xitiatiiu: 
influencts  to  which  it  w.i>  rxp..-. d.  \\a^.  in  nalily.  rt-niarkably  unifomi 

•Mhirin;^  th<- l.i>t  hill"  Mt  th«  \i.ii  i7>'i ."  ii'  s.i\^.  ••  I  Irird  the  air  uf  nearw 
difftTrnt  (lays,  in  onli  r  U*  innl  \\h«  th«r  it  w.i^  stnvi|»ly  mure  phIogisticatt*d  at 
om'  time  tlian  anotii'  r;  but  t"in:<l  n«i  diti'  m  in  '-  tli.it  1  roujil  be  sure  of,  thougli 
tlui  wiml  an<l  wtath«i  on  iImki-  «l.i\  ^  \\j  p  \i  i\-  varii'iis;  sonir  of  them  bi'inp  ven 
fair  and  <'h'ar,  oth<T^  \tr\  \m  t.  .tml  <»tlii  i^  \t  ly  fnf^uy.. .  .1  made  some  experi- 
ments also  to  try  >\lirthi  r  tht  .lir  w.i-  ^i  ii-ibl\  nioif  diphlo^isticated  at  onetime 
of  the  day  than  an'>th(  i.  but  >  muIiI  nut  tni<l  an\'  ilittt-n'nrc.  I  also  made  several 
trials  with  a  vii-w  to  ix.iiniin-  win  th*  i  th*  n  w.i-^  .in\  difffn-ncc  between  the  air 
of  London  and  thc<  ountry.  b\  idlini;  l"'t!li  s  with  .liron  th«-samp  day,  and  nearh* 
at  tlu*  samr  hour,  at  Mailbiiriniul!  >tO't.  .•n«l  .it  Ivn^^in^ton.  The  result  iR'as. 
that  sonictinic^  tlir  .lir  of  i.nnd<in  .ipp*  .iri  <i  i:ith(-r  the  purest,  and  sometimes  that 
of  K«-nsin^ton;  but  th«-  ditl*  p m  «•  \\.\--  n»  \i  i  nH»ir  than  niii^ht  proceed  from  the 
error  of  th<-  cxprriniriit ;  ,\\\A  b\  t.ikiii::  .«.  ni.  .mi  nf  all.  tlnTi'  did  not  appear  to  be 
any  difft.Tcncr  l>«'twirn  thi-ni.  ih*  immlM  1  «>[  d.i\  n<  nnij)ared  was  20,  and  a  great 
part  of  thrni  tak<-n  in  wiiiti  i.  \\\\'\\  th*  h-  .10  .1  i:nMt«  r  nunilHT  of  fires,  and  on 
days  \vh«*n  thrn*  was  \-x\\  littji-  uiii'l  ti.  I»li.\\  .i\\.i\-  thi*  smoki*." 

Having'  thus  pn»v<(l  that  tlj- 1.  •■\i-t«<|  "\irv  litth*  difference  in  the 
purity  of  common  air  at  <IiM«n  nt  tinii  ^  .in<l  pi. no."  Cavendish  proceeded 
to  point  out  that 

it  is  very  much  to  Ix*  wisli(<I.  that  tho^i-  -tiitlrnun  who  make  experiments  on 
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factitious  airs,  and  have  occasion  to  ascertain  tlieir  purity  [tiiat  is  their  degree 
of  phlogistic  at  ion]  by  the  nitrous  test  would  reduce  their  observations  to  one 
common  scale,  as  tlie  different  instnunefits  employed  for  that  purpose  differ  so 
much,  that  at  present  it  is  almost  impossible  to  compare  tlic  observations  of 
one  person  with  those  of  another. 

Accordingly  he  suggested  that  a  common  scale  applicable  to  all  nitric  oxide 
eudiometers  might  be  made  "by  assuming  common  air  and  perfectly 
phlogisticated  air  as  lixed  points."  By  perfectly  phlogisticated  air  Caven- 
dish implicitly  means  nitrogen,  as  shown  by  the  methods  he  subsequently 
describes  for  obtaining  it.  On  this  scale  perfectly  phlogisticated  air  was 
zero  and  pure  dephlogisticated  air  (oxygen)  was  48. 

If  the  test  of  any  air  [factitious  air]  be  found  to  be  the  same  as  that  of  a 
mixture  of  equal  parts  of  common  and  phlogisticated  air,  I  would  say,  that  it 
was  half  as  good  as  common  air;  or,  for  shortness,  I  would  say,  that  its  standard 
was  1 :  and,  in  general,  if  its  test  was  the  same  as  that  of  a  mixture  of  one  part 
of  common  ajr  and  x  of  phlogisticated  air,  I  would  say,  that  its  standard  was 

In  like  manner,  if  one  part  of  this  air  would  bear  being  mixed  with  x  of 

phlogisticated  air  in  order  to  make  its  test  the  same  as  that  of  common  air, 
I  would  say,  that  it  was  i  +  x  times  as  good  as  common  air,  or  that  its  standard 
was  I  +  « ;  consequently,  if  common  air,  as  Mr  Scheele  and  La  Voisier  suppose, 
consist  of  a  mixture  of  dephlogisticated  and  phlogisticated  air,  the  standard  of 
any  air  is  in  proportion  to  the  quantity  of  pure  dephlogisticated  air  in  it.  In 
order  to  find  what  test  on  the  Eudiometer  answers  to  different  standards  below 
that  of  common  air,  all  which  is  wanted  is,  to  mix  common  and  perfectly  phlogi- 
sticated air  in  different  proportions,  and  to  take  the  test  of  those  mixtures;  but 
in  standards  above  that  of  common  air,  it  is  necessary  to  procure  some  good 
dephlogisticated  air,  and  to  find  its  standard  by  trying  what  proportion  of 
phlogisticated  air  it  must  be  mixed  with,  in  order  to  have  the  same  test  as 
common  air,  and  then  to  mix  this  dephlogisticated  air  with  different  proportions 
of  phlogisticated  air,  and  find  the  test  of  those  mixtures'. 

These  extracts  are  of  importance  for  several  reasons.  Jn  the  first  place 
they  show  that  the  eudiometer  was  an  instrument  designed  to  determine 
the  degree  of  phlogistication  of  "air,"  whether  common  or  factitious.  In 
the  next  they  servt  to  indicate  what  was  in  the  mind  of  Cavendish  con- 

'  The  rule  for  computing  the  standard  of  any  mixture  of  dephlogisticated  and 
phlogisticated  air  is  as  follows.  Suppose  the  test  of  a  mixture  of  D  parts  of  de- 
phlogisticated air  and  P  of  phlogisticated  air,  is  the  same  as  that  of  c 

D  +  P 
then  is  the  standard  of  the  dephlogisticated  air      ^     .    Lei 

dephlogisticated  air  be  mixed  with  <^  parts  of  phlogisticated  a 

mixture  will  be  — pr—  x  .  ,    ,  . 


now  a  parts  of  this 
,  the  standard  of  the 
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ceming  the  essential  nature  and  constitution  of  the  various  factitious  airs 
which  had  been  prepared  prior  to  1783.  They  were  fairly  numerous  and 
very  different  in  characteristics.  Priestley  had  discovered  nitric  oxide  in 
1772;  ammonia,  hydrogen  chloride  and  oxygen  in  1774;  sulphur  dioxide 
and  silicon  tetrafluoride  in  1775  and  nitrous  oxide  in  1776.  The  existence 
of  some  of  them  might  indeed  have  been  inferred  from  the  work  of  some  of 
Priestley's  predecessors,  particularly  Stephen  Hales.  But  to  Cavendish  as 
also  to  Priestley,  the  shadow  of  phlogiston  lay  over  them  all.  With  the 
exception  of  oxygen  which  seemed  to  be  wholly  devoid  of  that  obscure 
and  protean  principle,  they  were  all  more  or  less  ''infected  "  with  phlogiston 
and  their  properties  were  imagined  to  depend  upon  the  degree  of  phlogisti- 
cation,  although  such  attempts  as  were  made  to  explain  them  in  terms  of 
this  inconceptible  and  elusive  entity  were  occasionally  felt  to  be  more 
ingenious  than  satisfactory.  In  seeking  to  get  at  Cavendish's  views  con- 
cerning gaseous  phenomena  it  must  not  be  forgotten  that  he  was  never  able 
to  shake  himself  free  from  the  trammels  of  phlogistonism.  Its  conceptions 
dominated  and  coloured  all  his  attempts  to  arrive  at  the  true  meaning  of 
the  facts  he  observed.  As  we  shall  see,  they  largely  obscured  his  recognition 
of  the  full  significance  of  his  great  discovery  of  the  compound  nature  of 
water.  His  guarded  reference  to  the  views  of  Scheele  and  Lavoisier  con- 
cerning the  composition  of  common  air  does  not  imply  that  he  shared  them. 
Nowhere  in  the  paper  on  the  new  eudiometer  does  he  commit  himself  to  a 
definite  statement  of  belief  that  common  air  is  a  mixture  of  essentially 
different  elastic  fluids.  His  statements  as  regards  common  air  invariably 
refer  to  its  "degree  of  phlogistication,"  that  is,  extent  of  vitiation;  or 
conversely,  "degree  of  purity,"  which  only  implicitly  and  incidentally 
meant  amount  of  oxygen. 

Cavendish  concludes  his  paper  with  some  remarks  as  to  the  limited 
value  of  the  nitric  oxide  eudiometer  in  affording  information  concerning 
the  salubrity  or  extent  of  vitiation  of  common  air. 

Where  the  impurities  mixed  with  the  air  have  any  considerable  smell,  our 
sense  of  smelling  may  be  able  to  discover  them,  though  the  quantity  is  vastly 
too  small  to  phlogisticate  the  air  in  such  a  degree  as  to  be  perceived  by  the 
nitrous  test,  even  though  those  impurities  impart  their  phlogiston  to  the  air 
very  freely.  For  instance,  the  great  and  instantaneous  power  of  nitrous  air  in 
phlogisticating  common  air  is  well  known ;  and  yet  ten  oimce  measures  of  nitrous 
air,  mixed  with  the  air  of  a  room  upwards  of  twelve  feet  each  way,  is  sufficient 
to  communicate  a  strong  smell  to  it,  though  its  effect  in  phlogisticating  the  air 
must  be  utterly  insensible  to  the  nicest  Eudiometer;  for  that  quantity  of  nitrous 
air  is  not  more  than  140,000th  part  of  the  air  of  the  room,  and  therefore  can 

hardly  alter  its  test  by  more  than  j^^g^^^  or  ^y^  part In  like  manner  it  is 

certain,  that  putrefying  animal  and  vegetable  substances,  paint  mixed  with  oil, 
and  flowers,  have  a  great  tendency  to  phlogisticate  the  air;  and  yet  it  has  been 
found,  that  the  air  of  an  house  of  office,  of  a  fresh  painted  room,  and  of  a 
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room  in  which  such  a  number  of  flowers  were  kept  as  to  be  very  disagreeable  to 
many  pereons.  was  not  sensibly  more  ph legist icated  than  common  air.  There  is 
no  reason  to  suppose  from  these  instances,  either  that  these  substances  have 
not  much  tendency  to  phlogisticate  the  air,  or  that  nitrous  air  is  not  a  true 
test  of  its  phlogistication,  as  both  these  points  have  been  sufficiently  proved  by 
experiment ;  it  only  shews,  that  oiu-  sense  of  smelling  can,  in  many  cases,  perceive 
infinitely  smaller  alterations  in  the  purity  of  the  air  than  can  be  perceived  by 
the  nitrous  test,  and  that  in  most  rooms  the  air  is  so  frequently  changed,  that  a 
considerable  quantity  of  phlogisticating  materials  may  be  kept  in  them  without 
sensibly  impairing  the  air.  But  it  must  be  observed,  that  the  nitrous  test  shews 
the  degree  of  phlogistication  of  air,  and  that  only ;  whereas  our  sense  of  smelling 
cannot  be  considered  as  any  test  of  its  phlogistication,  as  there  are  many  ways 
of  phlogisticating  air  without  imparting  much  smell  to  it ;  and  I  believe  there  are 
many  strong  smelUng  substances  which  do  not  sensibly  phlogisticate  it. 

In  spite  of  its  limitations,  and  its  imperfect  theory,  the  paper  on  the 
New  Eudiometer  is  a  very  notable  contribution  to  the  history  of  our  know- 
ledge of  the  atmosphere.  It  clearly  established,  for  the  first  time,  that 
common  air  was  sensibly  uniform  in  its  character.  Cavendish  would  have 
expressed  this  by  saying  that  the  extent  to  which  it  was  phlogisticated  was 
practically  constant,  and  independent  of  locality  or  meteorological  con- 
ditions: Scheele  and  Lavoisier  would  regard  it  as  proving  that  the  relative 
proportions  of  the  dcphlogisticated  and  phlogisticated  air  were  invariable 
and  this  view  gradually  gained  acceptance.  It  served  to  sweep  away  all 
the  attempts  which  had  been  made  by  eudiometricEiI  tourists  to  establish, 
in  the  words  of  Landriani,  that  the  air  of  all  those  "places  which  from  the 
long  experience  of  the  inhabitants  had  been  reputed  unwholesome,"  could 
be  shown  to  be  so  by  the  instrument.  Etymologically  the  name  had  no 
longer  any  significance  as  there  were  no  degrees  of  goodness  to  be  measured. 
Cimousfy  enough  it  survives  in  our  literature  as  the  only  remnant  of  the 
terminology  of  plilogistonism. 

As  might  be  expected  from  his  halting  views  concerning  the  real  nature 
of  atmospheric  air.  Cavendish  made  no  attempts  to  determine  the  relative 
volume  of  that  portion  of  the  air  which  he  found  to  require  a  constant 
degree  of  phlogistication,  which  seems  to  show  what  little  importance  he 
attached  to  the  views  of  Scheele  and  Lavoisier.  Nevertheless  the  data  he 
furnishes,  as  demonstrated  by  Wilson,  would  have  enabled  him  by  the 
formula  he  gives  in  connection  with  his  method  of  graduation  to  obtain  the 
relative  proportion  of  the  dcphlogisticated  air  (oxygen)  and  phlogisticated 
air  (nitrogen). 

Taking  lOo  volumes  of  air.  D  +  P  =  too.  By  Cavendish's  formula 
D-l-P 


substituting  the  value  of  D  +  P ; 

lOO        .  o  „„j    n       100 
D 


-  =  4-8  and  /)  = 


20-83. 
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Therefore  loo  volumes  of  common  air  consist,  on  Cavendish's  showing,  of 

Dephlogisticated  air  (oxygen)      20-83 
Phlogisticated  air  (nitrogen)        79*  17 

lOO'OO 

which  is  remarkably  close  to  the  truth,  and  a  striking  proof  of  his  care  and 
manipulative  skill. 

In  a  small  packet  of  papers  among  the  Chatsworth  Mss.  which  had  been 
previously  examined  by  Dr  George  Wilson  and  labelled,  "This  parcel  con- 
tains various  interesting  tables  of  the  analysis  of  air,  in  1780-1781,  con- 
nected with  the  eudiometrical  researches  of  that  period,"  forming  the 
analvtical  material  for  Cavendish's  memoir  on  "The  New  Eudiometer,"  is 
a  quarto  sheet,  the  significance  of  which  would  appear  to  have  escaped  his 
biographer's  notice.  On  it  is  written  in  Cavendish's  handwriting: 

Air  taken  by  Dr  Jeffries:  tried  Dec.  3,  1784 

1st  trials 

No.  2    1*042  2nd  tr.     1*037 

No.  I    1-05  2<^   tr.     1*049 

No.  5     3^^  trial  105  1-041  2nd  trial  1*05 

No.  6    1*052  2<^    tr.     1*052 

No.  3    1*05  2^   tr.     1052 

Air  taken  at  Hampstead  at  the  time  of  the  trial  Dec.  3,  1784 

1067      2     tr.     i'o68 

On  November  30th,  1784,  Jean  Pierre  Blanchard,  a  native  of  Le  Petit 
Andelys,  on  the  Seine,  and  one  of  the  most  successful  of  the  earUer  aero- 
nauts, made  a  balloon  ascent  in  the  neighbourhood  of  London,  accompanied 
by  Dr  J.  Jeffries,  an  American  physician,  who  subsequently,  also  with 
Blanchard,  made  the  first  Channel  crossing  by  balloon  from  Dover  to 
Calais^.  There  can  be  little  doubt  that  Cavendish  had  made  arrangements 
with  Jeffries  to  collect  samples  of  air  at  various  heights  during  the  ascent 
of  November  30th,  1784.  The  usual  method  of  procuring  air  for  analysis 
at  that  period  was  to  empty  stoppered  bottles  filled  with  water  at  the  spot 
at  which  the  air  was  to  be  collected,  and  the  Nos.  1-6  evidently  refer  to 
the  samples  so  taken.  The  "trials"  (analyses)  were  made  by  "the  new 
Eudiometer"  three  days  after  the  ascent,  and  the  results  compared  with 
the  air  "taken  out  at  Mr  Cavendish's  S.  window  at  the  same  time." 
Nothing  is  said  concerning  the  heights  at  which  the  several  collections 
were  made,  but  it  will  be  observed  that  the  "trials"  proved  that  the 
samples  were  fairly  uniform  in  composition  and  showed  Uttle  variation 
from  that  at  the  ground-level. 

These  are  the  first  analyses  of  the  upper  air  of  which  there  is  any  record. 
Cavendish  thus  anticipated  Gay  Lussac  by  about  twenty  years. 

*  Encycl.  Brit,,  9th  edit.,  art.  Aeronautics,  p.  191. 
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Incidentally,  it  may  be  remarked.  Cavendish  showed  great  interest  in 
aeronautics.  Among  his  papers  are  observations  on  the  track  of  Blan- 
chard's  balloon  in  an  ascent  prior  to  that  on  which  the  samples  of  air  were 
taken,  with  letters  from  a  correspondent  in  Paris  who  supplied  him  with 
information  concerning  Montgolfier's  aerostatic  machines. 

In  the  year  following  the  pubhcation  of  his  memoir  on  "A  New  Eudi- 
ometer," Cavendish  communicated  to  the  Royal  Society  a  paper  entitled 
"Experiments  on  Air,"  which  is  printed  in  the  Phil.  Trans,  for  1784.  It  is 
concerned  with  an  inquiry  which  occupied  him  during  1781,  of  which  the 
paper  on  the  eudiometer  is  to  be  looked  upon  as  a  side  issue.  When  regard 
is  had  to  its  contents  the  title  of  the  new  paper  is  not  without  significance 
as  a  further  exemplification  of  Cavendish's  views  as  to  the  essential  nature 
of  "air."  Although  its  chief  importance  consists  in  the  fact  that  it  afforded 
the  first  clear  and  incontestable  proof  of  the  compound  nature  of  water, 
and  of  the  nature  and  relative  proportion  of  its  constituents,  this  discovery 
was  an  unlooked-for  incident  in  the  inquiry  and  not  its  primary  object. 
This  object  was,  in  Cavendish's  words,  "principally  with  a  view  to  find  out 
the  cause  of  the  diminution  which  common  air  is  well  known  to  suffer  by 
all  the  various  ways  in  which  it  is  phlogisticated,  and  to  discover  what  be- 
comes of  the  air  thus  lost  or  condensed."  Its  relation  to  the  paper  im- 
mediately preceding  it  thus  becomes  apparent.  The  lack  of  accurate  means 
of  measuring  the  diminution  by  plilogistication  of  common  air  led  him  to 
make  a  critical  examination  of  the  nitric  oxide  eudiometer,  with  a  view  to 
remedying  its  acknowledged  defects,  and  as  a  necessary  preliminary  to  the 
general  inquiry. 

Cavendish  begins  his  paper  by  recalling  all  the  various  modes  of  diminu- 
tion of  common  air  by  phlogistication  known  to  him.  It  had  been  surmised 
that  fixed  air  was  either  generated  or  separated  from  atmospheric  air  by 
phlogistication  and  his  first  experiments  were  made  in  order  to  ascertain 
if  such  were  the  case.  He  rejects  all  experiments  with  animal  and  vegetable 
substances  as  affording  no  certain  proof  of  the  origin  of  the  fixed  air.  ' '  The 
only  methods  I  know,"  he  says,  "which  are  not  hable  to  objection  are  by 
the  calcination  of  metals,  the  burning  of  sulphur  or  phosphonis,  the 
mixture  of  nitrous  air,  and  the  explosion  of  uiflammableair."  Experiments 
by  others  had  seemed  to  show  that  the  passEige  of  electric  sparks  through 
common  air  produced  fixed  air,  but  he  thinks  the  evidence  inconclusive, 
owing  to  the  conditions  under  which  the  trials  were  made. 

With  regard  to  the  four  unobjectionable  methods  he  finds  no  reason 
to  think  that  the  calcination  of  metals,  although  phlogisticating  common 
air,  produces  any  fixed  air;  nor  is  it  produced  by  the  burning  of  sulphur 
or  phosphorus.  The  allegation  that  it  is  formed  by  mixing  nitrous  air 
(nitric  oxide)  with  common  air  he  disproves  by  taking  care  to  free  the 
common  ab  from  any  fixed  air  originally  present,  and  the  nitrous  air  from 
any  fixed  air  in  or  derived  from  the  calcareous  earth  (calcium  carbonate) 
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dissolved  in  the  water  of  the  trough  over  which  it  was  collected,  by  passing 
the  gases  before  admix  tiure  through  lime-water.  Nor  was  any  fixed  air 
produced  by  the  explosion  of  the  inflammable  air  obtained  from  metals, 
with  either  common  or  dephlogisticated  air  when  all  the  "airs"  had  been 
previously  washed  with  lime-water. 

On  the  whole,  though  it  is  not  improbable  that  fixed  air  may  be  generated  in 
some  chymical  processes,  yet  it  seems  certain  that  it  is  not  the  general  effect  of 
phlogisticating  air,  and  that  the  diminution  of  common  air  is  by  no  means  owing 
to  the  generation  or  separation  of  fixed  air  from  it. 

Although  the  relevance  of  this  conclusion  may  not  be  very  apparent 
to-day,  nevertheless,  in  view  of  chemical  opinion  at  the  time,  and  especially 
of  the  speculations  of  Kirwan,  whose  theoretical  opinions  exercised  a 
certain  amount  of  influence  at  that  period,  altogether  disproportionate  to 
their  intrinsic  merit,  it  was  a  distinct  step  in  advance  and,  although  not 
without  controversy,  eventually  settled  an  important  point  concerning  the 
origin  of  fixed  air  and  its  relations  to  air  in  general.  Kirwan,  who  was  a 
specious  but  fallacious  reasoner,  made  an  attempt  to  substantiate  his  posi- 
tion ;  this,  contrary  to  his  practice  of  avoiding  polemics,  provoked  a  reply 
from  Cavendish  and,  of  course,  a  rejoinder  from  Kirwan,  but  time  has 
sided  with  Cavendish  as  to  the  merits  of  the  controversy  which  is  now 
forgotten.  Some  experiments  by  Priestley  appeared  to  show  that  de- 
phlogisticated air  (oxygen)  could  be  obtained  from  nitrous  (nitric)  acid  and 
from  vitriolic  (sulphuric)  acid.  Cavendish  therefore  "tried  whether  the 
dephlogisticated  part  of  common  air  might  not,  by  phlogistication,  be 
changed  into  nitrous  or  vitriolic  acid  "  by  burning  sulphur  over  lime-water, 
and  by  the  action  of  liver  of  sulphur  on  phlogisticated  common  air.  In 
neither  case  was  any  nitrous  salt  (nitre)  obtained,  but  in  addition  to 
ordinairy  selenite  there  was  obtained  what  Cavendish  regarded  as  a  form 
of  selenite  which  was  "very  soluble,  and  even  crystallised  readily,  and  was 
intensely  bitter,"  but  which  by  repeated  solution  and  evaporation  was 
gradually  changed  into  ordinary  selenite.  Concerning  this  phenomenon 
Cavendish  makes  the  following  observation : 

The  nature  of  the  neutral  salts  made  with  the  phlogisticated  vitriolic 
[sulphites]  and  phlogisticated  nitrous  acid  [nitrites]  has  not  been  much  examined 
by  the  chemists,  though  it  seems  well  worth  their  attention;. .  .Nitre  formed 
with  the  phlogisticated  nitrous  acid  [potassiimi  nitrite]  has  been  found  to  differ 
considerably  from  common  nitre,  as  well  as  sal  polychrest  [normal  potassiimi 
sulphate]  from  vitriolated  tartar  [acid  potassiimi  sulphate]. 

Cavendish  in  fact  had  prepared  calcium  sulphite  and  thiosulphate,  the 
properties  of  which  correspond  with  the  description  he  gives.  The  term 
phlogisticated  vitriolic  acid,  as  applied  to  sulphurous  acid,  was  of  course  in 
conformity  with  the  terminology  of  the  phlogiston  school,  inasmuch  as  this 
substance  could  be  prepared  by  heating  oil  of  vitriol  with  charcoal  or 


experiment  of  Mr  Warlt ire's 
common  and  inflammable  ai 
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sulphur,  both  of  which  conceivably  imparted  their  phlogiston,  in  which 
they  were  rich,  being  so  combustible,  to  the  oil  of  vitriol. 

The  same  results  were  obtained  when  pure  dephlogisticated  air  was 
substituted  for  common  air. 

No  vitriolic  acid  could  be  detected  in  the  solution  when  common  air 
was  phlogisticatcd  by  nitrous  air  over  water.  Only  nitre,  with  no  traces  of 
vitriolated  tartar,  could  be  obtained  when  the  solution  was  "exactly 
saturated  with  salt  of  tartar  [potassium  carbonate]  and  evaporated." 

"Having  now  mentioned  the  unsuccessful  attempts  I  made  to  find  out 
what  becomes  of  the  air  lost  by  phlogistication,  I  proceed  to  some  experi- 
ments, which  serve  really  to  explain  the  matter."  In  Dr  Priestley's  last 
volume  of  experiments'  is  related  an 

in  which  it  is  said  that,  on  firing  a  mixture  of 
r  by  electricity,  in  a  close  copper  vessel  holding 
about  three  pints,  a  loss  of  weight  was  always  perceived,  on  an  average  about 
two  grains,  though  the  vessel  was  stopped  in  such  a  manner  that  no  air  could 
escape  by  the  explosion.  It  is  also  related,  that  on  repeating  the  experiment  in 
glass  vessels,  the  inside  of  the  glass,  though  clean  and  dry  before,  immediately 
became  dewj-;  which  confirmed  an  opinion  he  [Priestley]  had  long  entertained, 
that  common  air  deposits  its  moisture  by  phlogistication.  As  the  latter  experi- 
ment seemed  likely  to  throw  great  light  on  the  subject  I  had  in  view,  I  thought 
it  well  worth  examining  more  closely-  The  first  experiment  also,  if  there  was  no 
mistake  in  it,  would  be  very  extraordinary  and  curious;  but  it  did  not  succeed 
with  me;  for  though  the  vessel  I  used  held  more  than  Mr  Warltire's,  namely, 
24,000  grains  of  water,  and  though  the  experiment  was  repeated  several  times 
with  different  proportions  of  common  and  inflamjnable  air,  I  could  never  per- 
ceive a  loss  of  weight  of  more  than  one-fifth  of  a  grain,  and  commonly  none 
at  all.  It  must  be  observed  however,  that  though  there  were  some  of  the 
experiments  in  which  it  seemed  to  diminish  a  little  in  weight,  there  were  none  in 
which  it  increased.  In  all  the  experiments,  the  inside  of  the  glass  globe  became 
dewy,  as  observed  by  Mr  Warltire;  but  not  the  least  sooty  matter  could  be 
perceived.  Care  was  taken  in  all  of  them  to  find  how  much  the  air  was  diminished 
by  the  explosion,  and  to  observe  its  test.  The  result  is  as  follows :  the  bulk  of  the 
inflammable  air  being  expressed  in  decimals  of  the 
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III  these  experiments  the  inflammable  air  was  procured  from  zinc,  as  it  was 
in  all  my  experiments,  except  where  otherwise  expressed ;  but  I  made  two  more 
experiments,  to  try  whether  there  was  any  difference  between  the  air  from  zinc 
and  that  from  iron,  the  quantity  of  inflammable  air  being  the  same  in  both, 
namely,  0-331  of  the  common ;  but  I  could  not  find  any  difference  to  be  depended 
on  between  the  two  kinds  of  air,  either  in  the  diminution  which  they  suffered  by 
the  explosion,  or  the  test  of  the  burnt  air  [i.e.  that  remaining  after  the  explosion]. 

In  explanation  of  these  numbers,  the  third  column  shows  the  diminu- 
tion after  the  explosion  in  the  aggregate  relative  volimies  of  the  common 
air  and  inflammable  air  as  given  in  the  first  and  second  columns;  the  fourth 
column  gives  the  relative  volume  of  the  remaining  "air,"  and  colimins  five 
and  six  its  test  and  standard,  that  is  the  amount  of  oxygen  (if  any)  it  stiD 
contained.  These  last  numbers  were  doubtless  obtained  by  the  nitric  oxide 
eudiometer  described  in  the  previous  paper:  thus  the  fifth  colunm  indicates 
the  contraction  which  took  place  when  the  "air"  remaining  after  the 
explosion  was  mixed  with  a  little  more  than  its  own  volume  of  nitric  oxide; 
and  the  sixth  the  volume  of  oxygen  in  that  air  according  to  the  scale 
suggested  by  Cavendish  in  that  paper,  phlogisticated  air  being  zero, 
common  air  i  and  dephlogisticated  air  4-8. 

Cavendish  concentrates  attention  on  the  fourth  experiment.  Having 
regard  to  the  primary  object  of  his  inquiry,  its  significance  was  unmistak- 
able. He  says  respecting  it : 

From  the  fourth  experiment  it  appears,  that  423  measures  of  inflammable 
air  are  nearly  sufficient  to  completely  plilogisticate  1000  of  conunon  air;  and 
that  the  bulk  of  the  air  remaining  after  the  explosion  is  then  veiy  little  more 
than  four-fifths  of  the  common  air  employed;  so  that,  as  common  air  cannot  be 
reduced  to  a  much  less  bulk  than  tliat,  by  any  method  of  phlogistication,  we 
may  safely  conclude,  that  when  they  are  mixed  in  this  proportion,  and  exploded, 
almost  all  the  inflammable  air,  and  about  one-fifth  part  of  the  common  air,  lose 
their  elasticity,  and  are  condensed  into  the  dew  which  lines  the  glass. 

There  can,  of  course,  be  no  question  that  this  statement  implicitly 
contains  an  announcement  of  the  synthetical  production  of  water  by  the 
union  of  hydrogen  and  oxygen,  but  it  may  be  doubted  whether  Cavendish 
intended  it  to  convey  that  meaning  in  the  sense  we  now  interpret  it.  This 
will  be  still  more  evident  from  subsequent  expressions  in  his  paper.  It 
must  never  be  forgotten  that  the  object  of  his  inquiry,  which  he  kept 
steadily  in  view,  was  to  follow  the  transference  of  phlogiston  in  the  various 
reactions  which  he  set  out  to  study.  At  the  same  time  he  seized  upon  the 
formation  of  the  dew  as  a  fact  of  cardinal  importance,  and  proceeded  to 
collect  *  larger  quantities  of  it  with  a  view  to  ascertain  its  real  nature. 
He  continues: 

The  better  to  examine  the  nature  of  this  dew,  500000  grain  measures  of 
inflammable  air  were  burnt  with  about  2 J  times  that  quantity  of  conmion  air, 
and  the  burnt  air  [i.e.  the  products  of  the  combustion  as  well  as  the  remaining 
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"air"— mainly  nitrogen]  made  to  pass  through  a  glass  cylinder  eight  feet  long 
and  three-quarters  of  an  inch  in  diameter,  in  order  to  deposit  the  dew.  The  two 
airs  were  conveyed  slowly  into  this  cylinder  by  separate  copper  pipes,  passing 
through  a  brass  plate  which  stopped  up  the  end  of  the  cylinder;  and  as  neither 
inflammable  nor  common  air  can  burn  by  themselves,  there  was  no  danger  of  the 
flame  spreading  into  the  magazines  from  which  they  were  conveyed.  Each  of 
these  magazines  consisted  of  a  large  tin  vessel,  inverted  into  another  vessel  just 
big  enough  to  receive  it.  The  inner  vessel  communicated  with  the  copper  pipe, 
and  the  air  was  forced  out  of  it  by  pouring  water  into  the  outer  vessel;  and  in 
order  that  the  quantity  of  common  air  expelled  should  be  2\  times  that  of  the 
inflammable,  the  water  was  let  into  the  outer  vessel  by  two  holes  in  the  bottom 
of  the  same  tin  pan,  the  hole  which  conveyed  the  water  into  that  vessel  in  which 
the  common  air  was  confined  being  2J  times  as  big  as  the  other. 

Tn  trying  the  experiment,  the  magazines  being  first  filled  with  their  re- 
spective airs,  the  glass  cylinder  was  taken  off.  and  water  let,  by  the  two  holes, 
into  the  outer  vessels,  till  the  airs  began  to  issue  from  the  ends  of  the  copper 
pipes;  they  were  then  set  on  fire  by  a  candle,  and  the  cylinder  put  on  again 
in  its  place.  By  this  means  upwards  of  135  grains  of  water  were  condensed  in 
the  cyUnder,  which  had  no  taste  nor  smell,  and  which  left  no  sensible  sediment 
when  evaporated  to  dryness;  neither  did  it  yield  any  pungent  smell  during  the 
evaporation;  in  short,  it  seemed  pure  water. 

. .  .By  the  experiments  with  the  globe  it  appeared,  that  when  inflammable 
and  common  air  are  exploded  in  a  proper  proportion,  almost  all  the  inflammable 
air,  and  near  one-fifth  of  the  common  air,  lose  their  elasticity,  and  are  condensed 
into  dew.  And  by  this  experiment  it  appears,  that  this  dew  is  plain  water,  and 
consequently  that  almost  all  the  inflammable  air,  and  about  one-fifth  of  the 
common  air,  are  turned  into  pure  water. 

That  Cavendish  surmised  that  it  was  the  dephlogisticated  portion  of 
common  air  that  was  "turned  into  pure  water"  by  uniting  with  the 
inflammable  air,  is  evident  from  his  next  experiment,  which  he  thus 
describes : 

In  order  to  examine  the  nature  of  the  matter  condensed  on  firing  a  mixture 
of  dephlogisticated  and  inflammable  air,  I  took  a  glass  globe,  holding  8800  grain 
measures,  furnished  with  a  brass  cock,  and  an  apparatus  for  firing  air  by 
electricity.  This  globe  was  well  exhausted  by  an  air-pump  and  then  filled  with  a 
mixture  of  inflammable  and  dephlogisticated  air,  by  shutting  the  cock,  fastening 
a  bent  glass  tube  to  Its  mouth  and  letting  up  the  end  of  it  into  a  glass  jar 
inverted  into  water,  and  containing  a  mixture  of  19500  grain  measures  of  de- 
phlogisticated air,  and  37000  of  inflammable;  so  that,  on  opening  the  cock,  some 
of  this  mixed  air  rushed  through  the  bent  tube,  and  filled  the  globe'.  The  cock 
was  then  shut,  and  the  included  air  fired  by  electricity,  by  which  means  almost 

'  "  In  order  to  prevent  any  water  from  getting  into  ttiis  tube,  while  dipped  under 
water  to  let  it  up  into  tlie  glass  jar.  a  bit  of  wax  was  stuck  on  tie  end  of  it,  which  was 
nibbedofi  whenraised  above  the  surfaceof  the  water.  "  [Nots.  This  tut)e  was  filled  with 
Q  air  Jo  begin  with,  the  nitrogen  of  which  would  find  its  way  into  the  globe.] 
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all  of  it  lost  its  elasticity.  The  cock  was  then  again  opened,  so  as  to  let  in  more 
of  the  same  air,  to  supply  the  place  of  that  destroyed  by  the  explosion,  which 
was  again  fired,  and  the  operation  continued  till  almost  the  whole  of  the  mixture 
was  let  into  the  globe  and  exploded.  By  this  means,  though  the  globe  held  not 
more  than  the  sixth  part  of  the  mixture,  almost  the  whole  of  it  was  exploded 
therein,  without  any  fresh  exhaustion  of  the  globe. 

Although  it  is  not  so  stated,  it  may  be  presumed  that  the  bent  tube 
remained  in  the  jar  containing  the  mixed  gases  throughout  the  course  of 
the  exf)erimcnt,  otherwise  it  would  have  bet»n  refilled  with  more  or  less 
common  air  between  successive  explosions,  and  so  have  introduced  nitrogen 
into  the  globe  at  each  of)eration. 

As  Cavendish  wished  to  ascertain  the  volume  and  character  of  the 
"air"  remaining  in  the  globe  after  the  series  of  explosions,  as  ^vell  as  the 
weight  and  nature  of  the  liquid  pnxiuced,  he  proceedcxi  as  follows: 

As  I  was  desirous  to  tr}*  the  (juantity  and  tc^t  of  this  burnt  [residual]  air, 
without  letting  any  water  into  the  gl<jbe,  which  would  have  prevented  my 
examining  the  nature  of  the  condensed  matter  [i.e.  the  water  produced],  I  took 
a  larger  globe,  furnished  also  with  a  st(>p-(()ek,  exhausted  it  by  an  air-pump, 
and  screwed  it  on  upon  tht*  cock  of  the  fonner  gIol)e;  upon  which,  by  opening 
both  cocks,  the  air  rushed  (nit  of  the  smaller  globe  into  the  larger,  till  it  be- 
came of  equal  density  in  lK)th;  then,  by  shutting  the  cock  of  the  larger  globe, 
unscrewing  it  again  from  the  former,  and  opening  it  under  water,  1  was  enabled 
to  find  the  quantity  of  the  burnt  air  in  it ;  and  consecjuently,  as  the  propK>rtion 
which  the  contents  of  the  two  globes  bore  to  each  other  wiis  known,  could  tell 
;  the  quantity  of  burnt  air  in  the  small  globe  before  the  communication  was 

made  between  them.  By  this  means  the  whole  (juantity  of  the  burnt  air  was 
found  to  be  2950  grain  measures:  its  standard  was  1-85. 

The  liquor  condensed  in  the  globe,  in  weight  al>out  jo  grains,  was  sensibly- 
acid  to  the  taste,  and  b\'  saturation  with  fixed  alkali,  and  evaporation,  yielded 

!  *  near  two  grains  of  nitre;  so  that  it  ccjnsisted  of  water  united  to  a  small  quantity 

of  nitrous  acid.    No  sooty  matter  was  deposited  in  the  globe.    The  dephlogi- 

\  sticated  air  used  in  this  experiment  Wcis  procured  from  red  precipitate  [not 

mercurius  calcinatus  per  ac],  tliat  is,  from  a  solution  of  quicksilver  in  spirit  of 
nitre  distilled  till  it  ac(}uires  a  red  colour. 

Cavendish's  procedure  was  ingenious  but  it  was  open  to  several  sources 
of  error  which  must  have  affcxted  the  quantitative  measurements.  To 
begin  with,  it  depended  upon  the  efficiency  of  the  air-pump  which  at  that 
period  was  not  very  high.  Hence  the  volume  of  the  residual  **air"  was 
almost  certainly  overestimated.  The  standard  of  the  residual  **air"  was 
1*85  which  means  that  it  contained  more  oxygen  than  common  air  in  the 
ratio  of  1*85  to  i.  That  is,  in  round  numbers  it  contained  about  39  per  cent 
of  oxygen,  so  that  there  must  have  been  a  notable  amount  of  nitrogen 
present — not  less  than  about  1800  grain  measures.  No  standard  is  given 
for  the  oxygen  employed :  it  was  presumably  regarded  as  pure :  the  greater 
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part  of  the  nitrogen  must  have  arisen  from  the  imperfect  evacuation  of  the 
globes,  leakage  of  stop-cocks,  and  difficulty  of  preparing  and  preserving 
hydrogen  without  admixture  with  common  air. 

Cavendish  then  proceeded  to  search  for  the  origin  of  the  nitrous  (nitric) 
acid  in  the  water. 

As  it  was  suspected,  that  the  acid  contained  in  the  condensed  liquor  was  no 
essential  part  of  the  dephlogisticated  air,  but  was  owing  to  some  acid  vapour 
which  came  over  in  making  it,  and  had  not  been  absorbed  by  the  water,  the 
experiment  was  repealed  in  the  same  manner,  with  some  more  of  the  same  air, 
which  had  been  previously  washed  with  water,  by  keeping  it  a  day  or  two  in 

a  bottle  with  some  water  and  shaking  it  frequently The  condensed  liquor 

was  still  acid. 

Dephlogisticated  air  prepared  by  heating  red  lead  with  oil  of  vitriol 
also  gave  an  acid  liquor,  as  did  that  from  the  leaves  of  plants  prepared 
"in  the  manner  of  Doctors  Ingenhousz  and  Priestley." 

Cavendish  noted  that  one  circumstance  common  to  all  the  experiments 
was  that  "the  proportion  of  inflammable  was  such,  that  the  burnt 
[residual]  air  was  not  much  dephlogisticated;  and  it  was  observed  that 
the  less  phlogistic  at  ed  it  was,  the  more  acid  was  the  condensed  liquor." 
In  other  words,  the  acid  appeared  when  the  residual  air  was  mainly  oxygen, 
and,  within  the  limits  he  observed,  it  seemed  that  the  amount  of  acid 
increased  with  the  quantity  of  oxygen.  He  therefore  increased  the  pro- 
portion of  inflammable  air, 

so  that  the  burnt  air  was  almost  completely  phlogisticated,  its  standard  being  i\f 
[that  is,  the  residual  gas  contained  not  more  than  about  2  per  cent,  by  volume 
of  oxygen].  The  condensed  Hquor  was  then  not  at  all  acid,  but  seemed  pure 
water;  so  that  it  appears,  that  with  this  kind  of  dephlogisticated  air  [from  plants], 
the  condensed  liquor  is  not  at  all  acid,  when  the  airs  are  mixed  in  such  a  pro- 
portion that  the  burnt  air  is  almost  completely  phlogisticated,  but  is  considerably 
so  when  it  is  not  much  phlogisticated. 

The  experiment  was  repeated  with  oxygen  from  red  precipitate  and 
with  variable  proportions  of  inflammable  air. 

In  the  first,  in  which  the  burnt  air  was  almost  completely  phlogisticated  [that 
is  in  which  there  was  no  substantia]  excess  of  oxygen,  if  any,  in  the  residual  gas] 
the  condensed  liquor  was  not  at  all  acid.  In  the  second,  in  which  its  standard 
was  I-B6  [i.e.  containing  about  39  per  cent,  of  oxygen]  that  is,  not  much  phlogis- 
ticated, it  was  considerably  acid;  so  that  with  this  air,  as  well  as  with  that  from 
plants,  the  condensed  liquor  contains,  or  is  entirely  free  from,  acid,  according  as 
the  burnt  air  is  less  or  more  phlogisticated ;  and  there  can  be  httle  doubt  but 
that  the  same  rule  obtains  with  any  other  kind  of  dephlogisticated  air. 

In  order  to  see  whether  the  acid,  formed  by  the  explosion  of  dephlogisticated 
air  obtained  by  means  of  the  vitriolic  acid,  would  also  be  of  the  nitrous  kind, 
I  procured  some  air  [oxygen]  from  turbith  mineral  [basic  mercuric  sulphate 
HgSO, .  2HgO— the  turpelhum  minerale  of  the  iatro-chemiats],  and  exploded  it 
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With  respect  to  common  air.  and  dephlogisticated  air  reduced  by  the  addition 
of  phlogisticated  air  to  the  standard  of  common  air,  the  case  is  different;  as  the 
liquor  condensed  in  exploding  them  with  inflammable  air,  I  beheve  I  may  say 
in  ajiy  proportion,  is  not  at  all  acid;  perhaps,  because  if  they  are  mixed  in  such 
a  proportion  as  that  the  burnt  air  is  not  nuich  phlogisticated  [that  is,  stiU 
contains  much  oxygen]  the  explosion  is  too  weak,  and  not  accompanied  with 
sufficient  heat. 

s  which  has  been  abundantly  verified  by  subsequent  experience. 


The  foregoing  lengthy  extracts  from  a  paper  which  is  classical  have 
been  purposely  made  in  order  that  Cavendish's  great  discovery  and  the 
conclusions  he  drew  from  bis  experiments  may  be  described  in  his  own 
words  and  without  any  attempt  to  read  into  thetn  any  interpretation 
based  upon  or  biased  by  subsequent  knowledge.  The  facts  of  his  experi- 
ments are  stated  with  a  clearness  and  precision  which  leave  nothing  to  be 
desired,  and  it  is  impossible  not  to  admire  the  care,  patience,  skUl  and 
sagacity  with  which  he  traced  and  accounted  for  what  was  without  doubt 
a  disturbing  factor.  He  seems,  indeed,  to  have  perceived  at  an  early  stage 
of  the  inquiry  that  the  formation  of  the  nitric  acid  was  purely  fortuitous, 
and  no  necessary  concomitant  of  the  union  by  explosion  of  oxygen  and 
hydrogen;  nevertheless  he  recognised  that  his  proof  of  the  true  nature  of 
water  and  the  mode  of  its  synthetical  formation  could  not  be  considered 
complete  until  the  cause  of  the  accidental  contamination  had  been  satis- 
factorily explained.  This  section  of  the  inquiry  seems  to  have  occupied  the 
greater  portion  of  the  time  spent  upon  it,  and  jiresumably  delayed  the 
announcement  of  the  cardinal  discovery  of  the  non-elementary  nature  of 
water  for  possibly  a  couple  of  years,  with  the  unfortunate  consequence  of 
raising  a  contro\-ersy  concerning  Cavendish's  claim  to  priority. 

This  circumstance  is  alluded  to  in  the  following  paragraph  which  was 
not  in  the  paper  as  originally  received  by  the  Royal  Society  but  was  inter- 
polated before  it  was  printed,  no  doubt  with  Cavendish's  cognisance,  by 
his  friend  Blagden  who  became  one  of  the  secretaries  of  the  Society,  and 
who  had  personal  knowledge  of  the  facts. 

All  the  foregoing  experiments,  on  the  explosion  of  inflammable  air  with 
common  and  dephlogisticated  airs,  except  those  which  relate  to  the  cause  of  the 
acid  found  in  the  water,  were  made  in  the  summer  of  the  year  1781.  and  were 
mentioned  by  me  to  Dr  Priestley,  who  in  consequence  of  it  made  some  experi- 
ments of  the  same  kind,  as  he  relates  in  a  paper  printed  in  the  preceding  volume 
of  the  Transactions.  During  the  last  summer  also,  a  friend  of  mine  gave  some 
account  of  them  to  M.  Lavoisier,  as  well  as  of  the  conclusion  drawn  from  them, 
that  dephlogisticated  air  is  only  water  deprived  of  phlogiston;  but  at  that  time 
so  far  was  M.  Lavoisier  from  thinking  any  such  opinion  warranted,  that,  till  he 
was  prevailed  on  to  repeat  the  experiment  himself,  he  found  some  difficulty  in 
believing  that  nearly  the  whole  of  the  two  airs  could  be  converted  into  water. 
It  is  remarkable  that  neither  of  these  gentlemen  found  any  acid  in  the  water 
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f  Oxide],  and  the  whole  is  mixed  with  a  good  deal  of  fixed,  and  perhaps  a  little 

■  inflammable  air  [carbonic  oxide]  both  proceeding  from  the  charcoal. 

I  This,  of  course,  is  the  caseand,  although  only  a  partial  interpretation,  so  far 

I  as  it  goes,  it  is  consistent  with  the  teaching  of  the  phlogiston  school.  Here 
the  phlogiston  is  derived  from  the  charcoal.  He  further  points  to  the  fact 
"that  the  nitrous  [nitric]  acid  is  also  convertible  by  phlogistication  into 
nitrous  air  [nitric  oxide]"  and  he  sees  an  analogy  in  this  example  of  the 

'  effect  of  partial  phlogistication  to  the  behaviour  of  vitriolic  acid  which 
when  united  to  a  smaller  proportion  of  phlogiston  forms  the  volatile 
sulphureous  acid  [sulphur  dioxide]  but  when  united  to  a  larger  proportion 
of  phlogiston  forms  sulphur,  which  shows 

no  signs  of  acidity. . . .  In  like  manner,  thenitrousacid,  united  to  acertain  quantity 
of  phlogiston,  forms  nitrous  fumes  and  nitrous  air... but  when  united  to  a 
different,  in  all  probability  a  larger  quantity,  it  forms  phlogistic  at  ed  air,  which 
shows  no  signs  of  acidity,  and  is  still  less  disposed  to  part  with  its  phlogiston  than 
sulphur. 

"This  being  premised,"  as  Cavendish  says,  let  us  see  how  he  applies 

I  these  conceptions  to  the  explanation  of  the  cause  of  the  acidity  of  the 
water. 

There  seem  two  ways  by  which  the  phaenomena  of  the  acid  found  in  the 
condensed  liquor  may  be  explained:  first  by  supposing  that  dephlogisticated  air 
contains  a  little  nitrous  acid  which  enters  into  it  as  one  of  its  component  parts, 
and  that  this  acid,  when  the  inflammable  air  is  in  a  sufficient  proportion,  unites 
to  the  phlogiston,  and  is  turned  into  phlogisticated  air,  but  does  not  when  the 
inflammable  air  is  in  too  small  a  proportion;  and.  secondly,  by  supposing  that 
there  is  no  nitrous  acid  mixed  with,  or  entering  into  the  composition  of,  de- 
phlogisticated air,  but  that,  when  this  air  is  in  a  sufficient  proportion, part  of  the 
phlogisticated  air  with  which  it  is  debased  is,  by  the  strong  affinity  of  phlogiston 
to  dephlogisticated  air,  deprived  of  its  phlogiston,  and  turned  into  nitrous  acid; 
whereas  when  the  dephlogisticated  air  is  not  more  than  sufficient  to  consume  the 
inflammable  air.  none  then  remains  to  deprive  the  phlogisticated  air  of  its 
phlogiston,  and  turn  it  into  acid. 

Although,  as  we  have  seen.  Cavendish  probably  regarded  the  nitric 
acid  as  an  accidental  contamination,  its  formation  in  his  experiments  was 
evidently  considered  by  him  as  significant  in  throwing  light  upon  the  true 
nature  of  water  and  of  dephlogisticated  air.  Indeed  from  the  way  in 
which  he  labours  this  part  of  the  inquiry  he  would  appear  to  consider  the 
questions  of  the  formation  of  the  water  and  acid  as  inseparable  and  of 
almost  equal  importance.  It  is  obvious  from  the  above  extracts  that  he 
regarded  the  presence  of  the  acid  as  affording  a  possible  clue  to  the  con- 
stitution of  dephlogisticated  air  and  that  he  considered  it  was  necessary 
to  know  this  in  order  to  form  a  just  conception  of  the  true  nature  of  water 
and  the  mode  of  its  synthesis. 
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all  of  it  lost  its  elasticity.  The  cock  was  then  again  opened,  so  as  to  let  in  more 
I  J  of  the  same  air,  to  supply  the  place  of  that  destroyed  by  the  explosion,  which 

was  again  fired,  and  the  operation  continued  till  almost  the  whole  of  the  mixture 

\  was  let  into  the  globe  and  exploded.  By  this  means,  though  the  globe  held  not 

'  .\\  more  than  the  sixth  part  of  the  mixture,  almost  the  whole  of  it  was  exploded 

therein,  without  any  fresh  exhaustion  of  the  globe. 

Although  it  is  not  so  stated,  it  may  be  presumed  that  the  bent  tube 
I  I  remained  in  the  jar  containing  the  mixed  gases  throughout  the  course  of 

j,i  the  experiment,  otherwise  it  would  have  been  refilled  with  more  or  less 

common  air  between  successive  explosions,  and  so  have  introduced  nitrogen 
into  the  globe  at  each  operation. 

As  Cavendish  wished  to  ascertain  the  volume  and  character  of  the 
"air"  remaining  in  the  globe  after  the  series  of  explosions,  as  well  as  the 
weight  and  nature  of  the  liquid  produced,  he  proceeded  as  follows: 

As  I  was  desirous  to  tr}*  the  quantity  and  test  of  this  burnt  [residual]  air, 
i ,  without  letting  any  water  into  the  globe,  which  would  have  prevented  my 

examining  the  nature  of  the  condensed  matter  [i.e.  the  water  produced],  I  took 
a  larger  globe,  furnished  also  with  a  stop-cock,  exhausted  it  by  an  air-pump. 
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f »  and  screwed  it  on  upon  the  cock  of  the  former  globe ;  upon  which,  by  opening 

J  both  cocks,  the  air  rushed  out  of  the  smaller  globe  into  the  larger,  till  it  be- 

; ;  came  of  equal  density  in  both;  then,  by  shutting  the  cock  of  the  larger  globe, 

■ '  unscrewing  it  again  from  the  former,  and  opening  it  under  water,  1  was  enabled 

to  find  the  quantity  of  the  burnt  air  in  it;  and  consequently,  as  the  proportion 

<  which  the  contents  of  the  two  globes  bore  to  (*ach  other  wiis  known,  could  tell 

;  !  the  quantity  of  burnt  air  in  the  small  globe  before  the  communication  was 

t  made  between  them.   By  this  means  the  whole  (juantity  of  the  burnt  air  was 

found  to  be  2950  grain  measures:  its  standard  was  1-85. 

The  liquor  condensed  in  the  globe,  in  weight  about  30  grains,  was  sensibly 

acid  to  the  tciste,  and  by  saturation  with  fixed  alkali,  and  evaporation,  yielded 

near  two  grains  of  nitre;  so  that  it  consisted  of  water  united  to  a  small  quantity 

of  nitrous  acid.    No  sooty  matter  was  deposited  in  the  globe.    The  dephlogi- 
!  sticatcd  air  used  in  this  experiment  was  procured  from  red  precipitate  [not 

mercurius  calcinatus  per  ac],  that  is,  from  a  solution  of  quicksilver  in  spirit  of 

nitre  distilled  till  it  acquires  a  red  colour. 

Cavendish's  procedure  was  ingenious  but  it  was  open  to  several  sources 
of  error  which  must  have  affected  the  quantitative  measurements.  To 
begin  with,  it  depended  upon  the  efficiency  of  the  air-pump  which  at  that 
period  was  not  very  high.  Hence  the  volume  of  the  residual  *'air"  was 
almost  certainly  overestimated.  The  standard  of  the  residual  "air"  was 
1*85  which  means  that  it  contained  more  oxygen  than  common  air  in  the 
ratio  of  1*85  to  i.  That  is,  in  round  numbers  it  contained  about  39  per  cent 
of  oxygen,  so  that  there  must  have  been  a  notable  amount  of  nitrogen 
present — not  less  than  about  1800  grain  measures.  No  standard  is  given 
for  the  oxygen  employed :  it  was  presumably  regarded  as  pure :  the  greater 
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part  of  the  nitrogen  must  have  arisen  from  the  imperfect  evacuation  of  the 
globes,  leakage  of  stop-cocks,  and  difBcuIty  of  preparing  and  preserving 
hydrogen  without  admixture  with  common  air. 

Cavendish  then  proceeded  to  search  for  the  origin  of  the  nitrous  (nitric) 
acid  in  the  water. 

As  it  was  suspected,  that  the  acid  contained  in  tlie  condensed  hquor  was  no 
essential  part  of  the  dephlogisticated  air,  but  was  owing  to  some  acid  vapour 
which  came  over  in  making  it,  and  had  not  been  absorbed  by  the  water,  the 
experiment  was  repeated  in  the  same  manner,  with  some  more  of  the  same  air, 
which  had  been  previously  washed  with  water,  by  keeping  it  a  day  or  two  in 
a  bottle  with  some  wafer  and  shaking  it  frequently.. .  .The  condensed  liquor 
was  still  acid. 

Dephlogisticated  air  prepared  by  heating  red  lead  with  oil  of  vitriol 
also  gave  an  acid  liquor,  as  did  that  from  the  leaves  of  plants  prepared 
"in  the  manner  of  Doctors  Ingenhousz  and  Priestley." 

Cavendish  noted  that  one  circumstance  common  to  all  the  experiments 
was  that  "the  proportion  of  inflammable  was  such,  that  the  burnt 
[residual]  air  was  not  much  dephlogisticated;  and  it  was  observed  that 
the  less  phlogisticated  it  was,  the  more  acid  was  the  condensed  liquor." 
In  other  words,  the  acid  appeared  when  the  residual  air  was  mainly  oxygen, 
and,  within  the  limits  he  observed,  it  seemed  that  the  amount  of  acid 
increased  with  the  quantity  of  oxygen.  He  therefore  increased  the  pro- 
portion of  inflammable  air, 

so  that  the  burnt  air  was  almost  completely  phlogisticated,  its  standard  being  ^^ 
[that  is,  the  residual  gas  contained  not  more  than  about  2  per  cent,  by  volume 
of  oxygen].  Tlie  condensed  liquor  was  then  not  at  all  acid,  but  seemed  pure 
water:sothat  it  appears,  that  with  this  kind  of  dephlogisticated  air  [from  plants], 
the  condensed  liquor  is  not  at  all  acid,  when  the  airs  are  mixed  In  such  a  pro- 
portion that  the  burnt  air  is  almost  completely  phlogisticated,  but  is  considerably 
SO  when  it  is  not  much  phlogisticated. 

The  experiment  was  repeated  with  oxygen  from  red  precipitate  and 
with  variable  proportions  of  inflammable  air. 

In  the  first,  in  which  the  burnt  air  was  almost  completely  phlogisticated  [that 
is  in  which  there  was  no  substantial  excess  of  oxygen,  if  any,  in  the  residual  gas] 
the  condensed  hquor  was  not  at  all  acid.  In  the  second,  in  which  its  standard 
was  1-86  [i.e.  containing  about  39  per  cent,  of  oxygen]  that  is,  not  much  phlogis- 
ticated, it  was  considerably  acid ;  so  that  with  this  air.  as  well  as  with  that  from 
plants,  the  condensed  hquor  contains,  or  is  entirely  free  from,  acid,  according  as 
the  burnt  air  is  less  or  more  phlogisticated;  and  there  can  be  tittle  doubt  but 
that  the  same  rule  obtains  with  any  other  kind  of  dephlogisticated  air. 

In  order  to  see  whether  the  acid,  formed  by  the  explosion  of  dephlogisticated 
air  obtained  by  means  of  the  vitriohc  acid,  would  also  be  of  the  nitrous  kind. 
I  procured  some  air  [oxygen]  from  turbitli  mineral  [basic  mercuric  sulphate 
HgSO« .  aHgO— the  lur-peihum  minerals  of  the  iatro -chemists],  and  exploded  it 
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with  izL^amznabfer  air.  tbe  proportion  being  such  that  the  bomt  an*  was  not  much 
piJr«23t»:at*d.  Tbt  con-densed  liquor  manifested  an  acidit\-,  which  appeared  bv 
rxtioti  wttTL  a  sofati'jn  of  salt  of  tartar  j)otassiiim  carbonate',  to  be  of  the 


nitrwB  kzcri;  a^i  it  was  found,  by  the  ad^iition  of  some  terra  ponderosa  satita 
Tici  c£jr"^r:*:5r'  to  contain  Httle  or  no  \itrioIic  acid. 
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in  ?o:ci  proportion  that  the  stan*iard  of  the  burnt  air  was  about  j*^ ,  the  condensed 
Yjv^x  was  &ot  in  the  least  acid. 

He  next  mixed  dephlogisticated  air  fr<xn  red  precipitate  with  perfectly 
phlogisticated  air  'nitrogen] 

in  sach  a  proportion  as  to  reduce  it  to  the  standard  of  common  air.  ..and 
then  exploded  with  the  same  proportion  of  indammable  air  as  the  common  air 
was  in  the  foregoing  experiment,  the  condensed  liquor  was  not  in  the  least  acid. 

The  conclusions  to  be  dra^-n  from  this  laborious  and  protracted  inquiry, 
stated  in  Cavendish's  o^-n  words,  are  as  follo^"s: 

From  the  foregoing  experiments  it  appears,  that  when  a  mixture  of  in- 
fiammable  and  dephlogisticated  air  is  exploded  in  such  proportion  that  the 
burnt  air  is  not  much  phlogisticated.  the  condensed  liquor  contains  a  little  add, 
which  is  alwa\'S  of  the  nitrous  kind,  whatever  substance  the  dephlogisticated  air 
is  procured  from;  but  if  the  proportion  be  such  that  the  burnt  air  is  afanost 
entireh-  phlogisticated.  the  condensed  liquor  is  not  at  all  acid,  but  seems  pore 
water,  without  any  ad*iition  whatever;  and  as.  when  the\'  are  mixed  in  that 
proportion,  ver\-  little  air  remains  after  the  explosion,  almost  the  whole  being 
condensed,  it  follows  that  almost  the  whole  of  the  inflammable  and  dephlogisti- 
cated air  is  converte-i  into  pure  water. 

Cavendish  clearly  recognised  to  what  sources  the  residual  gas  left  after 
the  detonation  might  be  due.   He  goes  on  to  say: 

It  b  not  easy,  indeed,  to  determine  from  these  experiments  what  proportioo 
the  burnt  air.  remaining  after  the  explosions,  bore  to  the  dephlogisticated  air 
empkned,  as  neither  the  small  nor  the  large  globe  could  be  perfecth'  exhausted 
of  air,  and  there  was  no  sa\ing  with  exactness  what  quantity-  was  left  in  them; 
but  in  most  of  them,  after  allowing  for  this  uncertaint>%  the  true  quantity  of 
burnt  air  seemed  not  more  than  ^th  of  the  dephlogisticated  air  employed,  or  ^^th 
of  the  mixture.  It  seems,  however,  unnecessary-  to  determine  this  point  exactly, 
as  the  quantity  is  so  small,  that  there  can  be  httle  doubt  but  that  it  proceeds 
onh'  from  the  impurities  mixed  with  the  dephlogisticated  and  inflammable  air, 
and  consequently  that,  if  those  airs  could  be  obtained  perfectly  pure,  the  whole 
would  be  condensed. 

He  then  conmients  upon  the  difference  observed,  as  regards  the 
production  of  nitric  acid,  between  the  experiments  in  which  pure  oxygen 
was  used,  and  those  in  which  common  air,  or  a  mbctmre  of  oxygen  and 
nitrogen  in  the  proportion  in  which  they  are  present  in  common  air,  was 
emi^oyed. 
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With  respect  to  common  air,  and  dephlogisticated  air  reduced  by  the  addition 
I  of  phlogisticated  air  to  the  standard  of  common  air,  the  case  is  different ;  as  the 
liquor  condensed  in  exploding  them  with  inflammable  air,  I  believe  I  may  say 
in  any  proportion,  is  not  at  all  acid;  perhaps,  because  if  they  are  mixed  in  such 
a  proportion  as  that  the  burnt  air  is  not  much  phlogisticated  [that  is,  still 
contains  much  oxygen]  the  explosion  is  too  weak,  and  not  accompanied  with 
sufficient  heat. 
A  surmise  which  has  been  abundantly  verified  by  subsequent  experience. 

The  foregoing  lengthy  extracts  from  a  paper  which  is  classical  have 
been  purposely  made  in  order  that  Cavendish's  great  discovery  and  the 
conclusions  he  drew  from  his  experiments  may  be  described  in  his  own 
words  and  without  any  attempt  to  read  Into  theTn  any  interpretation 
based  upon  or  biased  by  subsequent  knowledge.  The  facts  of  his  experi- 
ments are  stated  with  a  clearness  and  precision  which  leave  nothing  to  be 
desired,  and  it  is  impossible  not  to  admire  the  care,  patience,  skill  and 
sagacity  with  which  he  traced  and  accounted  for  what  was  without  doubt 
a  disturbing  factor.  He  seems,  indeed,  to  have  perceived  at  an  early  stage 
of  the  inquiry  that  the  formation  of  the  nitric  acid  was  purely  fortuitous, 
and  no  necessary  concomitant  of  the  union  by  explosion  of  oxygen  and 
hydrogen;  nevertheless  he  recognised  that  his  proof  of  the  true  nature  of 
water  and  the  mode  of  its  synthetical  formation  could  not  be  considered 
complete  until  the  cause  of  the  accidental  contamination  had  been  satis- 
factorily explained.  This  section  of  the  inquiry  seems  to  have  occupied  the 
greater  portion  of  the  time  spent  upon  it,  and  presumably  delayed  the 
announcement  of  the  cardinal  discovery  of  the  non-elementary  nature  of 
water  for  possibly  a  couple  of  years,  with  the  unfortunate  consequence  of 
raising  a  contro\ersy  concerning  Cavendish's  claim  to  priority. 

Teas,  circumstance  is  alluded  to  in  the  following  paragraph  which  was 
not  in  the  paper  as  originally  received  by  the  Royal  Society  but  was  inter- 
polated before  it  was  printed,  no  doubt  with  Cavendish's  cognisance,  by 
his  friend  Blagden  who  became  one  of  the  secretaries  of  the  Society,  and 
who  had  personal  knowledge  of  the  facts. 

All  the  foregoing  experiments,  on  the  explosion  of  inflammable  air  with 
conmion  and  dephlogisticated  airs,  except  those  which  relate  to  the  cause  of  the 
acid  found  in  the  water,  were  made  in  the  summer  of  the  year  1781,  and  were 
mentioned  by  me  to  Dr  Priestley,  who  in  consequence  of  it  made  some  experi- 
ments of  the  same  kind,  as  he  relates  in  a  paper  printed  in  the  preceding  volume 
of  the  Transactions.  During  the  last  summer  also,  a  friend  of  mine  gave  some 
account  of  them  to  M.  Lavoisier,  as  well  as  of  the  conclusion  drawn  from  them, 
that  dephlogisticated  air  is  only  water  deprived  of  phlogiston ;  but  at  that  time 
so  far  was  M.  Lavoisier  from  thinking  any  such  opinion  warranted,  that,  tiU  he 
was  prevailed  on  to  repeat  the  experiment  himself,  he  found  some  difficulty  in 
believing  that  nearly  the  whole  of  the  two  airs  could  be  converted  into  water. 
It  is  remarkable  that  neither  of  these  gentlemen  found  any  acid  in  the  water 


3  2  IntroduSlion 

produced  by  the  combustion;  which  might  proceed  from  the  latter  [Lavoisier] 
having  burnt  the  two  airs  in  a  different  manner  from  what  I  did ;  and  from  the 
former  [Priestley]  having  used  a  different  kind  of  inflammable  air,  namely,  that 
from  charcoal,  and  perhaps  having  used  a  greater  proportion  of  it. 

Among  the  Cavendish  papers  preserved  at  Chatsworth  is  a  detached 
quarto  sheet  apparently  in  Blagden's  handwriting,  but  unsigned  by  him, 
which  seems  to  throw  light  upon  the  history  of  this  interpolation.  From  a 
number  of  similar  memoranda  relating  to  foreign  chemical  literature,  in 
other  handwriting  than  that  of  Cavendish,  to  be  found  among  his  papers, 
it  would  appear  he  was  not  familiar  with  German,  and  was  accustomed  to 
rely  upon  others  for  information  from  contemporary  German  literature  on 
matters  of  interest  toTiim.   Blagden's  memorandum  runs  as  follows: 

In  a  number  of  Crell's  Annals  which  I  happened  not  to  have  looked  over 
before  (May,  1784)  I  found  the  following  passage:  Mr  Cavendish  in  London  has 

J .    .  the  experiments  of  M.  Lavoisier  to  produce  water  from  dephlogisti- 

cated  and  inflammable  air  by  combustion.  He  has  laid  before  the  Royal  Society 
the  result  of  his  experiments  which  confirm  that  change  of  the  airs,  or  the  new 
generation  of  water.  His  memoir  has  met  with  great  approbation  and  won  the 
assent  of  such  a  well-informed  chymist  as  Mr  Kirwan. 

Nothing  appears  by  which  it  is  possible  to  judge  from  whom  Mr  Crell  received 
this  information. 

Thursday  morning  Mar.  10. 

It  is  right  to  mention,  that  in  the  next  number  of  the  Annals  (for  June)  there 
is  a  letter  from  Mr  Kirwan  mentioning  your  paper  in  proper  terms,  without  any 
notice  of  Mr  Lavoisier's  name  or  pretensions. 

There  can  be  little  doubt  that  this  memorandum  was  the  inunediate 
occasion  of  Blagden's  interpolation,  and  that  its  introduction  was  sanc- 
tioned by  Cavendish  to  protect  himself  from  the  insinuation  implied  in  the 
communication  from  which  Blagden  had  quoted. 

It  will  be  convenient  to  defer  further  comment  on  this  paragraph,  as 
well  as  on  other  passages  relating  to  the  connection  of  Priestley,  Watt  and 
Lavoisier  with  the  history  of  the  discovery  of  the  composition  of  water, 
until  the  account  of  the  contents  of  the  paper  is  completed. 

Before  discussing  the  meaning  of  the  phenomena  he  had  observed  as 
regards  the  formation  of  the  nitric  acid.  Cavendish  ventures  upon  an 
opinion  as  to  the  real  nature  of  phlogisticated  air  [nitrogen]  and  its  relation 
to  nitrous  [nitric]  acid.  Phlogisticated  air,  he  conceives,  must  be 

nothing  else  than  the  nitrous  acid  united  to  phlogiston ;  for  when  nitre  is  de- 
flagrated with  charcoal,  the  acid  is  almost  entirely  converted  into  this  kind  of 

air As  far  as  I  can  perceive  too,  at  present,  the  air  into  which  much  the^ 

greatest  part  of  the  acid  is  converted,  differs  in  no  respect  from  common  air 
phlogisticated.  A  small  part  of  the  acid,  however,  is  turned  into  nitrous  air  [nitric 


Discovery  of  the  Composition  of  Water  33 

oxide],  and  the  whole  is  mixed  with  a  good  deal  of  fixed,  and  perhaps  a  little 
inflammable  air  [carbonic  oxide]  both  proceeding  from  the  charcoal. 
This,  of  course,  is  the  case  and.  although  only  a  partial  interpretation,  so  far 
as  it  goes,  it  is  consistent  with  the  teaching  of  the  phlogiston  school.  Here 
the  phlogiston  is  derived  from  the  charcoal.  He  further  points  to  the  fact 
"that  the  nitrous  [nitric]  acid  is  also  convertible  by  phlogistication  into 
nitrous  air  [nitric  oxide]"  and  he  sees  an  analogy  in  this  example  of  the 
effect  of  partial  phlogistication  to  the  behaviour  of  vitriolic  acid  which 
when  united  to  a  smaller  proportion  of  phlogiston  forms  the  volatile 
sulphureous  acid  [sulphur  dioxide]  but  when  united  to  a  larger  proportion 
of  phlogiston  forms  sulphur,  which  shows 

no  signs  of  acidity. . . .  In  like  manner,  the  nitrous  acid,  united  to  acertain  quantity 
of  phlogiston,  fonns  nitrous  fumes  and  nitrous  air... but  when  united  to  a 
different,  in  all  probability  a  larger  quantity,  it  forms  phlogisticated  air,  which 
shows  no  signs  of  acidity,  and  is  still  less  disposed  to  part  with  its  plilogiston  than 
siilphur. 

"This  being  premised,"  as  Cavendish  says,  let  us  see  how  he  applies 
these  conceptions  to  the  explanation  of  the  cause  of  the  acidity  of  the 
water. 

There  seem  two  ways  by  which  the  phtenomena  of  the  acid  found  in  the 
condensed  hquor  may  be  explained:  first  by  supposing  that  dep  h  logistic  at  ed  air 
contains  a  little  nitrous  acid  which  enters  into  it  as  one  of  its  component  parts, 
and  that  this  acid,  when  the  inflammable  air  is  in  a  sufficient  proportion,  unites 
to  the  phlogiston,  and  is  turned  into  phlogisticated  air,  but  does  not  when  the 
inflammable  air  is  in  too  small  a  proportion ;  and,  secondly,  by  supposing  that 
there  is  no  nitrous  acid  mixed  with,  or  entering  into  the  composition  of,  de- 
phlogisticated  air,  but  that,  when  this  air  is  in  a  sufficient  proportion,  part  of  the 
phlogisticated  air  with  which  it  is  debased  is,  by  the  strong  affinity  of  plilogiston 
to  dephlogisticated  air,  deprived  of  its  phlogiston,  and  turned  into  nitrous  acid; 
whereas  when  the  dephlogisticated  air  is  not  more  than  sufficient  to  consume  the 
inflammable  air,  none  then  remains  to  deprive  the  phlogisticated  air  of  its 
phlogiston,  and  turn  it  into  acid. 

Although,  as  we  have  seen.  Cavendish  probably  regarded  the  nitric 
acid  as  an  accidental  contamination,  its  formation  in  his  experiments  was 
evidently  considered  by  him  as  significant  tn  throwing  light  upon  the  true 
nature  of  water  and  of  dephlogisticated  air.  Indeed  from  the  way  in 
which  he  labours  this  part  of  the  inquiry  he  would  appear  to  consider  the 
questions  of  the  formation  of  the  water  and  acid  as  inseparable  and  of 
almost  equal  importance.  It  is  obvious  from  the  above  extracts  that  ho 
regarded  the  presence  of  the  acid  as  affording  a  possible  clue  to  the  con- 
stitution of  dephlogisticated  air  and  that  he  considered  it  was  necessary 
to  know  this  in  order  to  form  a  just  conception  of  the  true  nature  of  water 
and  the  mode  of  its  synthesis. 
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He  pointed  out  that  if  the  nitrous  acid  is  not  to  be  considered  as  an 
essential  constituent  of  dephlogisticated  air,  then,  he  says, 

I  think  we  must  allow  that  dephlogisticated  air  is  in  reality  nothing  but 
dephlogisticated  water,  or  water  deprived  of  its  phlogiston ;  or,  in  other  words, 
that  water  consists  of  dephlogisticated  air  united  to  phlogiston;  and  that 
inflammable  air  is  either  pure  phlogiston,  as  Dr.  Priestley  and  Mr.  Kirwan  suppose 
[and  as  Cavendish  formerly  supposed],  or  else  water  united  to  phlogiston;  since, 
according  to  this  supposition,  these  two  substances  united  together  form  pure 
water.  On  the  other  hand,  if  the  first  explanation  be  true,  we  must  suppose  that 
dephlogisticated  air  consists  of  water  united  to  a  little  nitrous  acid  and  deprived 
of  its  phlogiston;  but  still  the  nitrous  acid  in  it  must  make  only  a  very  small 
part  of  the  whole,  as  it  is  found,  that  the  phlogisticated  air,  which  it  is  converted 
into,  is  very  small  in  comparison  of  the  dephlogisticated  air. 

It  will  be  observed  from  the  wording  of  this  passage  that  Cavendish 
had  changed  the  opinion  which  he  held  in  1766,  and  which  he  expressed 
in  his  paper  on  inflammable  air  from  metals,  that  this  air  was  in  reality 
phlogiston.  He  now  ascribes  this  view  to  Priestley  and  Kirwan,  and  inclines 
to  the  belief  that  inflammable  air  is  a  compound  of  water  and  phlogiston 
— a  sort  of  phlogiston  hydrate.  In  a  long  footnote  he  explains  what  had 
led  him  to  alter  his  opinion.  Its  substance  is  this:  whereas  common  or 
dephlogisticated  air  will  combine  more  or  less  readily  at  ordinary  tempera- 
tures with  phlogiston  already  united  to  substances,  these  gases  refuse  to 
unite  with  inflammable  air  unless  at  a  red  heat, 

and  it  seems  inexplicable,  that  they  should  refuse  to  unite  to  pure  phlogiston, 
when  they  are  able  to  extract  it  from  substances  to  which  it  has  an  af&nity: 
that  is,  that  they  should  overcome  the  affinity  of  phlogiston  to  other  substances, 
and  extract  it  from  them,  when  they  will  not  even  unite  to  it  when  presented  to 
them. 

Another  reason  would  seem  to  be  that  in  all  the  operations  known  to  him 
in  which  inflammable  air  is  generated  water  is  more  or  less  concerned. 

As  regards  the  two  views  of  the  nature  of  dephlogisticated  air.  Caven- 
dish inclines  to  the  belief  that  the  nitrous  acid  is  not  an  essential  constituent 
of  it,  and  that  in  fact  it  was  not  directly  derived  from  it,  inasmuch  as 
this  acid  was  formed  not  only  in  the  case  of  oxygen  from  red  precipitate 
but  also  in  that  derived  from  plants  and  from  tiirbith  mineral ; 

and  it  seems  not  Ukely  that  air  procured  from  plants,  and  still  less  Kkely  that 
air  procured  from  a  solution  of  mercury  in  oil  of  vitriol  should  contain  any 
nitrous  acid.  Another  strong  argument  in  favoiu"  of  this  opinion  is,  that  de- 
phlogisticated air  yields  no  nitrous  acid  when  phlogisticated  by  liver  of  sulphur; 
for  if  this  air  contains  nitrous  acid  and  yields  it  when  phlogisticated  by  explosion 
with  inflammable  air,  it  is  very  extraordinary  that  it  should  not  do  so  when 
phlogisticated  by  other  means. 

What  Cavendish  regarded  as  a  "strong  argument"  as  a  matter  of  fact 
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only  shows  how  little  the  real  nature  of  the  change  experienced  when  air 
or  oxygen  is  brought  into  contact  with  liver  of  sulphur  was  known  to  him. 

But  what  forms  a  stronger,  and  I  tliink  almost  decisive  argument,  in  favour 
of  tJjis  explanation  is,  that  when  the  dephlogisticated  air  is  very  pure,  the 
condensed  liquor  is  made  much  more  strongly  acid  by  mixing  the  air  to  be 
exploded  with  a  little  phlogisticated  air  [nitrogen]. 

The  details  of  two  experiments  are  then  given  in  which  the  same  quantities 
of  a  mixture  of  hydrogen  and  oxygen  are  exploded,  to  one  of  which, 
however,  a  quantity  of  nitrogen  was  added ;  "  the  condensed  liquor  in  both 
cases  was  acid,  but  that  in  the  latter  evidently  more  so,"  as  appeared  from 
the  amount  of  lime  required  to  neutralise  it.  In  the  case  where  the 
nitrogen  was  added  the  burnt  air  would  be  more  phlogisticated  than  in  the 
other,  and  in  that  case  "from  what  has  been  before  said"  from  the  line  of 
argument  and  the  suppositious  presence  of  nitric  acid  as  an  essential  con- 
stituent of  oxygen,  the  condensed  liquor  should  be  less  acid;  "and  yet  it 
was  found  to  be  much  more  so;  which  shows  strongly  that  it  was  the 
phlogisticated  air  which  furnished  the  acid." 

Further  comparative  experiments  of  a  similar  kind  were  made  with  the 
same  general  result  and  leading  to  the  same  inference,  and  the  conclusion 
of  the  whole  matter  is  thus  stated: 

From  what  has  been  said  there  seems  the  utmost  reason  to  think,  that 
dephlogisticated  air  is  only  water  deprived  of  its  phlogiston,  and  that  inflam- 
mable air,  as  was  before  said,  is  either  phlogisticated  water,  or  else  pure  phlogis- 
ton ;  but  in  all  probability  the  former. 

This,  then,  is  Cavendish's  format  statement  of  his  views  of  the  nature  of 
dephlc^sticated  and  inflammable  air,  and  of  their  several  relations  to 
water.  The  conclusion  is  expressed  in  terms  of  phlogiston,  and  it  is  im- 
possible to  gather  from  the  statement  as  it  stands,  whether  Cavendish  was 
convinced  that  water  was  actually  a  compound  substance.  He  does  not 
explicitly  say  so.  The  issue  is  confused  by  his  view  as  to  the  nature  of 
inflammable  air  and  by  our  ignorance  of  his  own  opinion  as  to  the  real 
nature  of  phlogiston.  Did  he  regard  it  as  a  material  entity,  or  an  imponder- 
able principle — simply  an  affection  or  quality  which  by  transference  to  and 
fro,  determined  the  characters  of  substances?  As  we  read  it  his  statement 
might  imply  that  he  considered  that  water  was  formed  by  the  phlogiston 
of  his  hypothetical  hydrate  phlogisticating  the  dephlogisticated  air,  where- 
by the  water  of  the  hydrate  was  liberated.  Evidently  he  did  not  regard 
hydrogen  as  a  simple  elementary  substance,  in  the  modem  sense,  and  to 
that  extent,  at  least,  his  interpretation  of  his  results  is  incomplete  and 
erroneous. 

Had  he  still  continued  to  regard  phlogiston  as  identical  with  hydrogen, 
of  wliich  he  had  determined  the  relative  weight,  and  of  whose  material 
existence  he  was  therefore  assured,  our  inference  as  to  his  real  view  of  the 
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nature  of  water  would  have  had  a  surer  basis.  It  would  almost  seem  as  if 
he  still  halted  between  two  opinions,  and  that  his  judgement  was  biased 
by  a  lingering  old-time  behef  in  the  essential  and  fundamental  unity  of  all 
"airs"  and  of  water  as  a  primordial  element. 

The  statement  of  Cavendish's  views  of  the  nature  of  dephlogisticated 
and  inflammable  airs  and  of  their  relation  to  water,  is  followed  by  a 
paragraph  which  occasioned  much  discussion  in  the  course  of  the  con- 
troversy to  which  his  paper  gave  rise.  It  may  be  desirable  therefore  to 
reproduce  it  in  full : 

As  Mr.  Watt,  in  a  paper  lately  read  before  this  Society,  supposes  water  to 
consist  of  dephlogisticated  air  and  phlogiston  deprived  of  part  of  their  latent 
heat,  whereas  I  take  no  notice  of  the  latter  circumstance,  it  may  be  proper  to 
mention  in  a  few  words  the  reason  of  this  apparent  difference  between  us.  If 
there  be  any  such  thing  as  elementar}^  heat,  it  must  be  allowed  that  what 
Mr.  Watt  says  is  true;  but  by  the  same  rule  we  ought  to  say,  that  the  diluted 
mineral  acids  consist  of  the  concentrated  acids  united  to  water  and  deprived  of 
part  of  their  latent  heat;  that  solutions  of  sal-ammoniac,  and  most  other  neutral 
salts,  consist  of  the  salt  united  to  water  and  elementary  heat;  and  a  similar 
language  ought  to  be  used  in  speaking  of  almost  all  chemical  combinations,  as 
there  are  very  few  which  are  not  attended  with  some  increase  or  diminution  of 
heat.  Now  I  have  chosen  to  avoid  this  form  of  speaking,  both  because  I  think 
it  more  likely  that  there  is  no  such  thing  as  elementary'  heat,  and  because  saying 
so  in  this  instance,  without  using  similar  expressions  in  speaking  of  other 
chemical  unions,  would  be  improper,  and  would  lead  to  false  ideas ;  and  it  may 
even  admit  of  doubt,  whether  the  doing  it  in  general  would  not  cause  more 
trouble  and  perplexity  than  it  is  worth. 

This  passage  was  interpolated  by  Cavendish  after  his  paper  was  re- 
ceived by  the  Royal  Society  and  before  it  was  published  in  the  PAt /.  Trans, 
and  this  circumstance  gave  rise  to  the  assertion  that  if  Cavendish  did  not 
actually  owe  to  Watt  his  conception  of  the  inference  to  be  drawn  from  his 
experiments,  to  Watt  at  least  belongs  the  credit  of  having  been  the  first 
to  point  out  that  water  is  a  compound  substance  and  that  its  components 
are  dephlogisticated  air  and  phlogiston. 

At  first  sight  it  may  be  thought  the  point  of  difference  between  the 
two  philosophers  as  regards  heat  in  relation  to  the  composition  of  water 
is  irrelevant.  In  reality  this  is  not  so,  as  something  turns  on  their  respective 
\aews  of  the  nature  of  heat,  Cavendish,  at  all  events,  being  convinced,  as 
will  be  subsequently  evident,  that  it  is  not  a  material  entity. 

How  it  happened  that  Watt  came  into  conflict  with  Cavendish  on  the 
question  of  priority  will  be  stated  later. 

The  greater  part  of  the  rest  of  the  paper  is  concerned  with  speculations 
on  the  nature  of  common  air  and  of  dephlogisticated  air  which  are  of 
interest  as  throwing  some  light  upon  the  extent  to  which  his  opinions  had 
been  modified  by  experience  and  reflection  since  the  publication  of  his 
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paper  on  inflammable  air,  seventeen  years  previously.  He  is  now  more 
inclined  to  the  opinion  of  Lavoisier  and  Sciieele  that  dephlogisticated  and 
phlogistic  at  ed  airs  are  "quite  distinct  substances,  and  not  differing  only  in 
their  degree  of  phlogistication ;  and  that  common  air  is  a  mixture  of  the 
two."  He  finds  support  for  this  view  in  his  discovery  that  pure  dephlogisti- 
cated air  by  complete  phlogistication  is  converted  into  water  instead  of 
into  phlogisticated  air.  It  is  interesting  to  note  how  closely  he  approaches 
to  the  view-point  of  the  French  school  in  the  following  passage:  "From 
what  has  been  said,  it  follows,  that  instead  of  saying  air  is  phlogisticated 
or  dephlogisticated  by  any  means,  it  would  be  more  strictly  just  to  say,  it 
is  deprived  of,  or  receives,  an  addition  of  dephlogisticated  air."  But  how- 
ever "strictly  just"  it  may  be,  Cavendish,  confirmed  phlogistian  as  he 
was,  cannot  bring  himself  to  say  it,  for  he  immediately  adds  "but  as  the 
other  expression  is  convenient,  and  can  scarcely  be  considered  as  improper, 
I  shall  still  frequently  make  use  of  it  in  the  remainder  of  this  paper." 

Considerable  space  is  occupied  by  a  discussion  of  the  theory  of  the 
various  methods  employed  in  the  production  of  dephlogisticated  air,  and 
he  traverses  Priestley's  opinion  that  nitrous  and  vitriolic  acids  are  con- 
vertible into  dephlogisticated  air:  "Their  use  in  preparing  it  is  owing  only 
to  the  great  power  they  possess  of  depriving  bodies  of  their  phlogiston." 
He  shows  that  the  production  of  oxygen  from  red  precipitate  is  not  owing 
to  any  nitrous  acid  in  that  substance  "  and  consequently  that,  in  procuring 
dephlogisticated  air  from  it,  no  acid  is  converted  into  air ;  and  it  is  reason- 
able to  conclude,  therefore,  that  no  such  change  is  produced  in  procuring  it 
from  any  other  substance" — a  sweeping  generalisation  on  too  limited  a 
basis. 

The  way  in  which  the  nitrous  [nitric]  acid  acts,  in  the  production  of  it 
[dephlogisticated  air]  from  red  precipitate,  seems  to  be  as  follows.  On  distilling 
the  mixture  of  quicksilver  and  spirit  of  nitre,  the  acid  comes  over,  loaded  with 
phlogiston,  in  the  form  of  nitrous  vapour  [oxides  of  nitrogen],  and  continues  to 
do  so  till  the  remaining  matter  [mercuric  nitrate]  acquires  its  full  red  colour,  by 
which  time  all  the  nitrous  acid  is  driven  over,  but  some  of  the  watery  part  still 
remains  behind,  and  adheres  strongly  to  the  quicksilver;  so  that  the  red  pre- 
cipitate may  be  considered,  either  as  quicksilver  deprived  of  part  of  its  phlogiston, 
and  united  to  a  certain  portion  of  water,  or  as  quicksilver  united  to  dephlo- 
gisticated air',  after  which,  on  further  increasing  the  heat,  the  water  in  it  rises 
deprived  of  its  phlogiston,  that  is,  in  the  form  of  dephlogisticated  air,  and  at  the 


^  In  a  footnote  to  this  passage  he  says  "  It  would  be  ridiculous  to  say,  that  it  is 
the  quicksilver  in  the  red  precipitate  which  is  deprived  of  its  phlogiston,  and  not  the 
water,  or  that  it  is  the  water  and  not  the  quicksilver;  all  that  we  can  say  Is  tliat  red 
precipitate  consists  of  quicksilver  and  water,  one  or  both  of  which  are  deprived  of 
part  of  their  phlogiston.  In  like  manner,  during  the  preparation  of  the  red  pre- 
cipitate, it  is  certain  that  the  acid  absorbs  phlogiston,  either  from  the  quicksilver  or 
the  water;  but  we  are  by  no  means  autlioriaed  to  say  from  which." 
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same  time  the  quicksilver  distils  over  in  its  metallic  form Mercurius  calcinatus 

appears  to  be  only  quicksilver  which  has  absorbed  dephlogisticated  air  from  the 
atmosphere  during  its  preparation;  accordingly,  by  giving  it  a  sufficient  heat, 
the  dephlogisticated  air  is  driven  off,  and  the  quicksilver  acquires  its  original 
form.  It  seems  therefore  that  mercurius  calcinatus  and  red  precipitate,  though 
prepared  in  a  different  manner,  are  very  nearly  the  same  thing. 

It  seems  to  be  pretty  obvious  from  this  somewhat  laboured  account 
that  Cavendish  was  disposed  to  think  mercurius  calcinatus  and  red  pre- 
cipitate, although  "very  nearly,"  were  not  in  reality  quite  "the  same 
thing,"  but  that  red  precipitate  differed  from  mercurius  calcinatus  in  con- 
taining "a  certain  portion  [amount]  of  water"  and  that  when  heated  the 
water  is  deprived  of  its  phlogiston,  thereby  liberating  the  dephlogisticated 
air — the  phlogiston  presumably  attaching  itself  to  the  quicksilver  which 
consequently  resumes  its  metallic  form. 

Apart  from  the  light  it  throws — however  dimly — on  Cavendish's  views 
as  to  the  essential  nature  of  the  relation  between  dephlogisticated  air  and 
water,  this  passage,  as  already  pointed  out  by  Dr  Wilson,  is  instructive 

as  showing  what  many  other  passages  in  the  papers  of  Cavendish,  and  his  con- 
temporaries also  show,  that  the  discovery  of  the  composition  of  water  would 
not,  in  the  hands  of  the  disciples  of  the  phlogiston  school,  have  materially 
altered  the  aspect  of  chemistry.  The  difference  it  introduced  was  little  more 
than  this,  that  where  formerly  transferences  of  phlogiston,  from  one  body  to 
another,  were  assumed  to  take  place,  now  water  instead  of  phlogiston  was 
shifted  backwards  and  forwards,  and  decomposed  and  recomposed  as  the 
exigencies  of  theory  required*. 

An  exemplification  of  the  truth,  as  elsewhere  remarked  by  Dr  Wilson, 
of  the  necessity  under  which  a  false  theory  lies  of  multiplying  falsities. 

The  production  of  oxygen  from  nitre,  in  the  course  of  which  Cavendish 
observed  the  formation  of  potassium  nitrite,  is  accounted  for  in  a  similar 
way.  Now  that  water  was  known  to  contain  or  to  be  capable  of  yielding 
dephlogisticated  air,  that  "  air  "  is  to  be  regarded  as  coming  from  the  water 
which  the  nitre  is  assumed  to  contain  as  an  essential  constituent.  The 
same  line  of  reasoning  led  him  to  conclude  that  "the  rationale  of  the 
production  of  dephlogisticated  air  from  turbith  mineral,  and  from  red 
precipitate,  are  nearly  similar." 

Cavendish  then  comments  on  the  action  of  light  on  substances,  such  as 
the  bleaching  of  an  alcoholic  solution  of  chlorophyll,  the  colouring  of  nitric 
acid,  and  of  silver  chloride,  etc.  which  he  attributes  to  the  absorption  of 
phlogiston  from  the  water,  and  the  liberation  of  dephlogisticated  air.  He 
conceives  a  similar  action  to  take  place  in  plants  under  the  influence  of 
sunshine:  "it  seems  likely,"  he  says,  "that  the  use  of  light,  in  promoting 
the  growth  of  plants  and  the  production  of  dephlogisticated  air  from  them, 

^  Wilson,  Life  of  Cavendish,  p.  248. 
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is  that  it  enables  them  to  absorb  phlogiston  from  the  water."  He  attempts 
to  answer  certain  objections  which  may  be  urged  against  this  view  of  the 
origin  of  the  oxygen,  and  he  seeks  to  explain  the  fact  observed  by  Senebier 
"  that  plants  yieldmuch  more  dephlogisticatcd  air  in  distilled  water  impregnated 
with  fixed  air,  than  in  plain  distilled  water,"  by  suggesting  that  "  as  fixwl  air 
is  a  principal  constituent  part  of  vegetable  substances,  it  is  reasonable  to 
suppose  that  the  work  of  vegetation  will  go  on  better  in  water  containing 
this  substance,  than  in  other  water." 

This  sentence  concludes  the  paper  as  it  was  originally  received  by  the 
Royal  Society.  Before  it  was  actually  printed  off  Cavendish  made  a  very 
significant  addition  from  which  it  is  desirable  to  quote  pretty  fully,  as  it 
shows  that  he  was  quite  alive  to  the  interpretation  which  the  new  school 
might  put  upon  his  results.  It  would  almost  seem  as  if  he  had  anticipated 
the  use  which  the  opponents  of  phlogistonism  would  make  of  his  discovery, 
and  that  it  fell  to  him  as  a  leading  upholder  of  Stahl's  doctrine  to  combat 
their  arguments.  He  says: 

There  are  several  memoirs  of  Mr.  Lavoisier  published  by  the  Academy  of 
Sciences,  in  which  he  intirely  discards  phlogiston,  and  explains  thosu  phenomena 
which  have  been  usually  attributed  to  the  Joss  or  attraction  of  that  substance, 
by  the  absorption  or  expulsion  of  dephiogisticated  air;  and  as  not  only  the  fore- 
going experiments,  but  most  other  phenomena  of  nature,  seem  explicable  as  well, 
or  nearly  as  well,  on  this  as  upon  the  commonly  beheved  principle  of  phlogiston, 
it  may  be  proper  briefly  to  mention  in  what  manner  f  would  explain  them  on  tliis 
principle,  and  why  I  have  adhered  to  the  other.  In  doing  this,  I  shall  not  conform 
strictly  to  his  theory,  but  shall  make  such  additions  and  alterations  as  seem  to 
suit  it  best  to  the  phienomena;  the  more  so,  as  the  foregoing  experiments  may, 
perhaps,  induce  the  author  himself  to  think  some  such  additions  proper. 

To  seek  to  modify  an  opponent's  theory  by  making  such  additions  and 
alterations  as  in  one's  judgement  may  best  suit  the  phenomena  would  seem 
at  first  sight  an  unwarrantable  procedure  on  the  part  of  a  controversialist 
who  strives  to  combat  that  theory:  but,  as  a  matter  of  fact,  no  reasonable 
objection  could  be  urged  against  the  manner  in  which  Lavoisier's  views 
are  stated  by  Cavendish  in  explanation  of  the  various  phenomena  related 
in  his  paper.  Cavendish  says  that  water  according  to  Lavoisier,  "consists 
of  inflammable  air  united  to  dephiogisticated  air  " ;  and  in  effect  that  nitric 
oxide,  sulphurous  acid,  and  phosphoric  acid  are  combinations  respectively 
of  nitrogen,  sulphur  and  phosphorus  with  oxygen;  and  that  by  further 
oxidation  nitric  oxide  and  sulphurous  acid  may  be  converted  respectively 
into  nitric  acid  and  oil  of  vitriol ;  that  the  metallic  calces  are  oxides  of  the 
metals.  The  rationale  of  the  production  of  red  precipitate  from  mercury 
and  nitric  acid  and  its  decomposition  by  heat  into  oxygen  and  mercury 
is  correctly  stated  by  him,  as  is  the  production  of  oxygen  from  nitre. 
The  only  ambiguity  is  in  the  production  of  oxygen  from  plants  which  is 
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partially,  at  least,  explicable  by  the  circumstance  that  the  composition  of 
fixed  air  was  imkno^Ti  to  Cavendish  and  the  real  significance  of  Senebier's 
obser\'ation  was  therefore  not  recognised  by  him. 

But  in  spite  of  this  perspicuous  and  impartial  statement  of  Lavoisier's 
viex^'s,  which  of  course  had  the  cro^Tiing  merit  of  explaining  "the  phaeno- 
mena  of  nature"  \^ithout  the  help  of  a  purely  hxpothetical  principle,  con- 
cerning which  no  two  of  those  who  believed  in  it  could  agree  as  to  its  real 
character  or  attributes.  Cavendish  could  not  shake  himself  free  from  his 
orthodoxy. 

It  seems,  therefore,  from  what  has  been  said,  as  if  the  phaenomena  of  nature 
might  be  explained  ven*  well  on  this  principle,  without  the  help  of  phlogiston ; 
and  indeed,  as  adding  dephlogisticated  air  to  a  body  comes  to  the  same  thing  as 
depriWng  it  of  its  phlogiston  and  adding  water  to  it,  and  as  there  are,  perhap>s,no 
bodies  entirely  destitute  of  water,  and  as  I  know  no  way  by  which  phlogiston 
can  be  transferred  frc^m  one  body  to  another,  without  lea\ing  it  uncertain 
whether  water  is  not  at  the  same  time  transferuni.  it  will  be  verv  difficult  to 
determine  by  experiment  which  of  these  opinions  is  the  truest ;  but  as  the  com- 
monly received  principle  of  phlogiston  explains  all  phaenomena.  at  least  as  well 
as  Mr.  Lavoisier's.  I  have  adhered  to  that. 

It  is  unnecessary  to  make  any  lengthened  comment  uf)on  these  state- 
ments. It  might  appear  that  in  reality  there  is  no  essential  difference  in  the 
view's  of  Lavoisier  and  Cavendish  as  to  the  chemical  nature  of  ^I'ater.  But 
that  is  not  so.  Lavoisier  had  a  clear  conception  of  the  indi\'iduality  of 
hydrogen,  even  before  he  or  his  associates  coined  that  word;  on  the  other 
hand  Cavendish  thought  inflammable  air  was  a  common  principle  of 
bodies  rich  in  phlogiston,  and  was  capable  of  assuming  an  elastic  form, 
either  alone  or  in  combination  with  water.  He  may  have  drav^Ti  a  clearer 
distinction  than  Priestley  between  the  various  forms  of  "inflammable 
air,"  but  he  was  no  less  conN-inced  than  Priestley  that  all  of  them  were 
compounds  of  phlogiston.  As  regards  his  reference  to  Lavoisier's  explana- 
tions of  the  phenomena  of  nature  >*ithout  reference  to  phlogiston,  he  makes 
no  real  attempt  to  combat  them,  and  is  apparently  unaware  of  the  petiiio 
principii  involved  in  his  statement:  he  simply  contents  himself  with 
reiterating  his  behef  in  the  existence  of  phlogiston.  "The  human  mind," 
wrote  Da\y,  "is  always  governed  not  by  what  it  kno^i^s,  but  by  what  it 
believes." 

It  can  hardly  be  doubted,  as  his  biographer  admits,  that  Cavendish's 
defence  of  his  \-iews  was  an  afterthought,  added  after  his  opinions  had  been 
made  public,  as  a  justification  of  what  could  not  then  be  withdrawn. 

We  now  turn  to  the  allusions  in  Cavendish's  i>aper  to  Lavoisier  and 
Watt,  in  reference  to  their  share  in  the  experimental  proof  of  the  com- 
pound nature  of  water. 

Some  time  before  the  results  of  Cavendish's  work  were  made  known  to 
him,  Lavoisier  had  enunciated  the  hx-pothesis  that  dephlogisticated  air 
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was  the  principle  of  acidity,  since  its  combinations,  more  especially  with 
substances  supposed  by  his  contemporaries  to  be  rich  in  phlogiston,  such 
as  carbon,  sulphur,  phosphorus,  etc.,  were,  as  he  thought,  invariably  acids. 
Hence  his  scepticism  as  to  the  validity  of  Cavendish's  results.  It  seemed 
to  him  incredible  that  the  inflammable  air  from  metals — which  some 
indeed  had  regarded  as  phlogiston  itself,  should  by  its  union  with  oxygen 
furnish  a  perfectly  neutral  substance.  Lavoisier,  in  fact,  had  publicly 
stated  only  a  year  or  two  previously,  "que  I'air  inflammable  en  briilaut 
devoit  donner  dc  I'acide  vitriolique,  ou  de  I'acide  sulfureiLX." 

In  Lavoisier's  own  account  of  the  experiment  he  was  prevailed  upon 
to  repeat,  he  admits  his  prior  acquaintance  with  Cavendish's  results,  and 
states  that  Blagden  was  his  informant: 

Ce  fut  le  24  Join,  1783,  que  firaes  cette  experience,  M.  de  la  Place  et  moi,  en 
presence  de  Mm.  le  Roi,  de  \'andermonde,  de  plusieurs  autres  Acad^miciens, 
et  de  M.  Blagden,  aujourd'hui  Secretaire  de  la  Soci^t^  Royale  de  Londres;  ce 
dernier  nous  apprit  que  M.  Cavendish  avoit  d^ja  essaye,  k  Londres,  de  bruler  de 
I'air  inflammable  dans  des  vaisseaux  fennfe,  et  qu'il  avoit  obtenu  unt-  quantity 
d'eau  trte  sensible  {Mdtn.  de  I' Acad.  rjSi,  p.  472). 

Blagden  felt  constrained  to  point  out  in  a  letter  addressed  to  Crell,  tlie 
editor  of  the  Chemtsche  Annalen,  and  publi-shed  in  that  journal  for  1786, 
that  the  abave  was  a  partial  and  somewhat  disingenuous  account  of  what 
had  actually  transpired.  The  letter  which  is  not  dated  {according  to 
Muirhead's  translation)  runs  as  follows: 

I  can  certainly  give  you  the  best  accotmt  of  the  little  dispute  about  the  first 
discoverer  of  the  artificial  generation  of  water,  as  I  was  the  principal  instrument 
through  which  the  first  news  of  the  discovery  that  had  been  already  made  was 
communicated  to  Mr.  Lavoisier.  The  following  is  a  short  statement  of  the  history : 

In  the  spring  of  1783,  Mr.  Cavendish  communicatedto  me  and  other  members 
of  the  Royal  Society,  his  particular  friends,  the  result  of  some  experiments  with 
wliich  he  had  for  a  long  time  been  occupied.  He  showed  us,  that  out  of  them  he 
must  draw  the  conclusion,  that  dephlogist leafed  air  was  nothing  else  than  water 
deprived  of  its  phlogiston;  and  vice  versd  that  water  was  deph  logistic  at  ed  air 
united  with  phlogiston.  About  the  same  time  the  news  was  brought  to  London, 
that  Mr.  Watt  of  Birmingham  had  been  induced  by  some  obser\'ations  [by 
Priestley]  to  form  a  similar  opinion.  Soon  after  this  I  went  to  Paris,  and  in  the 
company  of  Mr.  Lavoisier,  and  of  some  other  members  of  the  Royal  Academy 
of  Sciences,  I  gave  some  account  of  these  new  experiments  and  of  the  opinions 
founded  upon  them.  They  replied,  that  they  had  already  heard  something  of 
these  experiments,  and  particularly,  that  Dr.  Priestley  had  repeated  them.  They 
did  not  doubt,  that  in  such  manner  a  considerable  quantity  of  water  might  be 
obtained;  but  they  felt  convinced  that  it  did  not  come  near  to  the  weight  of  tlie 
two  species  of  air  employed ;  on  which  account  it  was  not  to  be  regarded  as  water 
formed  or  produced  out  of  the  two  itinds  of  air.  but  was  already  contained  in  and 
united  with  the  airs,  and  deposited  In  their  combustion.  This  opinion  was  held 
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by  Mr.  Lavoisier,  as  well  as  by  the  rest  of  the  gentlemen  who  conferred  on  the 
subject;  but  as  the  experiment  itself  appeared  to  them  very  remarkable  in  all 
points  of  view,  they  imanimously  requested  Mr.  Lavoisier,  who  possessed  all  the 
necessary  preparations,  to  repeat  the  experiment  on  a  somewhat  larger  scale,  as 
early  as  possible.  This  desire  he  complied  with  on  the  24th  June,  1783  (as  he 
relates  in  the  latest  volume  of  the  Paris  Memoirs).  From  Mr.  Lavoisier's  own 
account  of  his  experiment,  it  sufficiently  appears,  that  at  that  period  he  had  not 
yet  formed  the  opinion  that  water  was  composed  of  dephlogisticated  and 
inflammable  airs ;  for  he  expected  that  a  sort  of  acid  would  be  produced  by  their 
union.  In  general,  Mr.  Lavoisier  cannot  be  convicted  of  having  advanced  any- 
thing contrary  to  truth ;  but  it  can  less  be  denied,  that  he  concealed  a  part  of  the 
truth.  For  he  should  have  acknowledged  that  I  had,  some  days  before,  apprised 
him  of  Mr.  Cavendish's  experiments,  instead  of  which,  the  expression  "il  nous 
apprit "  gives  rise  to  the  idea  that  I  had  not  informed  him  earlier  than  that  very 
day.  In  hke  manner,  Mr.  Lavoisier  has  passed  over  a  very  remarkable  circiun- 
stance,  namely,  that  the  experiment  was  made  in  consequence  of  what  I  had 
informed  him  of.  He  should  likewise  have  stated  in  his  publication,  not  only 
that  Mr.  Cavendish  had  obtained  "une  quantity  d'eau  tr^s  sensible"  but  that 
the  water  was  equal  to  the  weight  of  the  two  airs  added  together.  Moreover,  he 
should  have  added,  that  I  had  made  him  acquainted  with  Messrs  Cavendish  and 
Watt's  conclusions;  namely,  that  water,  and  not  an  acid,  or  any  other  substance, 
arose  from  the  combustion  of  the  inflanunable  and  dephlogisticated  airs.  But 
those  conclusions  opened  the  way  to  Mr.  Lavoisier's  present  theory,  which  per- 
fectly agrees  with  that  of  Mr.  Cavendish ;  only  that  Mr.  Lavoisier  accommodates  it 
to  his  old  theory,  which  banishes  phlogiston.  Mr.  Monge's  experiments  (of  which 
Mr.  Lavoisier  speaks  as  if  made  about  the  same  time)  were  really  not  made  until 
pretty  long,  I  believe  at  least  two  months,  later  than  Mr.  Lavoisier's  own,  and 
were  undertaken  on  receiving  information  of  them. 

The  course  of  all  this  history  will  clearly  convinte  you,  that  Mr.  Lavoisier 
(instead  of  being  led  to  the  discover}^  by  following  up  the  experiments  which  he 
and  Mr.  Bucquet  had  commenced  in  1777)  was  induced  to  institute  again  such 
experiments  solely  by  the  account  he  received  from  me,  and  of  our  English 
experiments;  and  that  he  really  discovered  nothing  but  what  had  before  been 
pointed  out  to  him  to  have  been  previously  made  out  and  demonstrated  in 
England. 

That  at  least  one  of  Lavoisier's  colleagues  was  aware  of  the  real  facts 
and  merits  of  the  case  is  evident  from  a  letter  which  La  Place  addressed 
to  Deluc  on  June  28th,  1783,  which  contains  the  following  passage: 

M.  Lavoisier  and  I  have  repeated  recently  before  Mr.  Blagden  and  several 
other  persons,  the  experiment  of  Mr.  Cavendish  upon  the  conversion  into  water 
of  dephlogisticated  and  inflammable  airs,  by  their  combustion ;  with  this  differ- 
ence, that  we  have  burned  them  without  the  assistance  of  the  electric  spark,  by 
bringing  together  two  currents,  the  one  of  pure  air,  the  other  of  inflammable 
air.  We  have  obtained  in  this  way  more  than  2 J  drachms  of  pure  water,  or 
which,  at  least,  had  no  character  of  acidity,  and  was  insipid  to  the  taste;  but  we 
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do  not  yet  know  if  tliis  quantity  of  water  represents  the  weight  of  the  airs 
consumed.  It  is  an  experiment  to  be  recommenced  with  all  possible  attention, 
and  which  appears  to  me  of  the  greatest  importance. 

These  statements,  whif  h  have  never  been  contradicted,  would  seem  to 
leave  no  doubt  on  the  question  of  priority  as  between  Cavendish  and 
Lavoisier  concerning  the  experimental  facts,  or,  indeed,  as  to  the  inference 
which  each  drew  from  them  as  to  the  non-elementary  nature  of  water. 

How  Dr  Crell  regarded  the  matter  is  evident  from  a  footnote  which  he 
appended  to  a  translation  of  Cavendish's  memoir  which  appeared  in  the 
Chemische  Annalen  for  1785,  Part  iv.  p.  334. 

This  communication  contains  tlie  substance  of  a  paper  presented  to  tlie 
Royal  Society  in  London,  by  Henry  Cavendish,  Esq.  and  which  has  not  only  bet-n 
inserted  in  the  Philosophical  Transactions ;  but  has  also  been  published  separate 
under  the  title  of  "Experiments  on  Air"  (London,  J.  Nichols,  1784.  4",  p.  37). 
Soon  after.  Sir  Joseph  Banks,  Bart.  (President  of  the  Royal  Society)  was  so 
obliging  as  to  send  me  a  copy,  for  tlie  purpose  of  mentioning  it  in  these  Chemical 
Annals.  This  becomes  a  twofold  duty  upon  me,  because  I  have  committed  the 
same  error  as  most  of  my  compatriots  and  other  men  of  letters,  by  ascribing 
to  Mr,  Lavoisier  the  discovery  of  the  water  resulting  from  the  different  kinds  of 
inflamed  air  (see  Chem.  Annals,  1785,  Part  i,  p.  48).  Justice  alone,  therefore, 
demands  of  me,  to  return  to  Mr.  Cavendish  (whom  I  take  this  opportunity  to 
assure  of  ra)'  most  sincere  esteem)  the  well  earned  honour  of  The  First  Discovery 
of  tliis  so  very  important  and  remarkable  Phenomenon  {which  appears  clearly 
from  this  paper)  and  at  the  same  time  to  correct  some  other  circumstances  in 
mine  above-mentioned  publication'. 

We  have  now  to  consider  the  significance  of  the  allusion  to  Watt.  This 
has  no  reference  to  any  experimental  proof  afforded  by  Watt  himself  but 
to  certain  inferences  he  deduced  from  the  observations  of  his  friend 
Priestley.  The  essential  facts,  stated  shortly,  are  as  follows.  Watt,  as  we 
gather  from  his  correspondence  with  Black,  had  long  been  of  the  opinion 
that  "air"  was  a  modification  of  water:  he  thought  that  as  steam  parts 
with  its  latent  heat  as  it  acquires  sensible  heat,  or  is  more  compressed, 
when  it  arrives  at  a  certain  point,  it  will  have  no  latent  heat,  and  may, 
under  proper  compression,  be  an  elastic  fluid  nearly  as  specifically  heavy 
as  water;  at  which  point  it  would  again  change  its  state  and  become  air. 
He  finds  some  confirmation  of  this  belief  in  experiments  on  which  Priestley 
was  engaged  at  the  period  when  Cavendish  was  occupied  with  the  work 
which  has  just  been  described.  Priestley's  results  on  the  seeming  con- 
version of  water  into  air  were  wholly  fallacious,  as  he  subsequently  found. 

Although  Priestley's  discovery  of  the  source  of  his  error  may  have 
shaken,  and  indeed  did  shake,  Watt's  belief  in  the  experimental  proof  of 
the  conversion  of  water  into  "air,"  it  apparently  had  no  influence  on  his 
'  Extract  from  a  translation  to  be  found  among  the  Cavendish  mss. 
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conviction  of  the  essential  unity  of  all  forms  of  "air."  This  is  abundantly 
evident  from  the  few  chemical  papers  he  published,  and  from  the  tenor  of 
his  correspondence  with  Black,  Priestley,  Kirwan  and  others  of  his  con- 
temporaries. Watt  was  no  doubt  familiar  with  the  "mere  random  experi- 
ment" which  Priestley  made  in  conjunction  with  Warltire,  but  he  seems 
to  have  attached  no  more  importance  than  they  did  to  the  formation  of  the 
dew  on  detonation,  but  like  them,  to  have  regarded  it  as  e\ddence  that 
common  air  deposits  its  moisture  when  phlogisticated.  Cavendish,  as  we 
have  seen,  communicated  to  Priestley  the  facts  arising  from  his  repetition 
of  Warltire's  experiments,  as  Priestley  relates  in  a  paper  published  in  the 
Fhil.  Trans,  for  1783.  Priestley  interpreted  Cavendish's  experiment  as 
proving  the  conversion  of  air  into  water,  thus  strengthening  his  belief  in 
the  intimate  connection  between  water  and  air  of  which  hitherto  he  had 
been  unable  to  acquire  satisfactory  proof.  "Still  hearing,"  he  says,  "of 
many  objections  to  the  conversion  of  water  into  air,  I  now  gave  particular 
attention  to  an  experiment  of  Mr.  Cavendish's  concerning  the  reconversion 
of  air  into  water  by  decomposing  it  in  conjunction  with  inflammable  air." 
He  therefore  repeated,  as  he  thought.  Cavendish's  experiments  but  with 
certain  modifications  which  he  imagined,  although  quite  erroneously, 
would  remove  objections  which  might  be  urged  against  them.   He  says: 

In  order  to  be  sure  that  the  water  I  might  fifui  in  the  air  was  really  a  con- 
stituent part  of  it,  and  not  what  it  might  have  imbibed  after  its  formation,  I  made 
a  quantity  of  both  dephlogisticated  and  inflammable  air,  in  such  a  manner  as 
that  neither  of  them  should  ever  come  into  contact  with  water,  receiving  them 
as  they  were  produced  in  mercury ;  the  former  from  nitre,  and  in  the  middle  of 
the  process  (long  after  the  water  of  crystallisation  was  come  over*),  and  the 
latter  from  perfectly  made  charcoal.  The  two  kinds  of  air  thus  produced  I  de- 
composed by  firing  them  together  by  the  electric  explosion  and  found  a  manifest 
deposition  of  water,  and  to  appearance  in  the  same  quantity  as  if  both  the  kinds 
of  air  had  been  previously  confined  by  water. .  .the  result  was  such  as  to  afford 
a  strong  presimiption  that  the  air  was  reconverted  into  water,  and  therefore  that 
the  origin  of  it  had  been  air. 

It  is  unnecessary  to  examine  this  passage  very  minutely.  The  better, 
or  rather  the  seeming  better,  is  here  the  enemy  of  the  good.  In  the  attempt 
to  prepare  pure  dry  gases  Priestley  only  succeeded  in  making  them  more 
impure:  it  was  physically  impossible  that  he  could  have  obtained,  as  he 
surmised,  "the  weight  of  the  decomposed  air  in  the  moisture."  But  it  was 
upon  this  wholly  fallacious  experiment  that  Watt  theorised:  it  clearly 
proved  to  him  that  water  and  air  are  mutually  convertible  and  are  there- 
fore essentially  the  same.  Under  date  April  21st,  1783,  he  writes  to  Black: 
"Dr.  Priestley  has  made  many  more  experiments  on  the  conversion  of 
water  into  air,  and  I  believe  I  have  found  out  the  cause  of  it;  which  I  have 

^  Nitre  contains  no  water  of  crystallisation. 
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put  in  the  form  of  a  letter  to  him  which  will  be  read  at  the  Royal  Society 
with  his  paper  on  the  subject."  He  then  gives  Black  a  summary  of  the 
facts,  or  supposed  facts,  on  which  he  bases  his  deductions : 

In  the  deflagration  of  the  inflammable  and  dephlogisticated  airs,  the  airs 
unite  with  violence,  become  red  hot,  and,  on  coohng  totally  disappear.  The  only 
fixed  matter  which  remains  is  water;  and  water,  light  and  heat  are  all  the  pro- 
ducts. Are  we  not  then  authorised  to  conclude  that  water  is  composed  of  de- 
phlogisticated and  inflammable  air,  or  phlogiston,  deprived  of  part  of  their  latent 
heat,  and  that  dephlogisticated,  or  pure  air  [oxygen]  is  composed  of  water 
deprived  of  its  phlogiston,  and  united  to  heat  and  light;  and  if  light  be  only  a 
modification  of  heat,  or  a  component  part  of  phlogiston,  then  pure  air  [oxygen] 
consists  of  water  deprived  of  its  pldogiston  and  of  latent  heat. 

On  learning  of  the  fallacy  of  Priestley's  experimental  proof  of  the  con- 
version of  water  into  air  Watt  desired  that  his  letter  to  Priestley  should  not 
be  publicly  read  and  it  was  temporarily  withdrawn  on  account  of  what 
Watt  styled  in  a  letter  to  Black,  Priestley's  "ugly  experiment."  In  the 
meantime  knowledge  of  Watt's  letter,  or  of  his  views,  seems  to  have  been 
conveyed  to  Paris.    In  a  lettei'from  Watt  to  Deluc  dated  November  30th, 

1783,  we  read: 

1  was  at  Dr.  Priestley's  last  night.  He  thinks,  as  I  do,  that  Mr.  Lavoisier, 
having  heard  some  imperfect  account  of  the  paper  I  wrote  in  the  spring,  has 
run  away  with  the  idea  and  made  up  a  memoir  hastily,  without  any  satisfactory 

proof I,  therefore,  put  the  query  to  you  of  the  propriety  of  sendhig  my  letter 

topassthrough  their  hands  to  be  printed:  for  even  if  this  theoryis  Mr.  Lavoisier's 
own,  I  am  vain  enough  to  think  that  he  may  get  some  hints  from  my  letter, 
which  may  enable  him  to  make  experiments,  and  to  improve  his  theory,  and 
produce  a  memoir  to  the  Academy  before  my  letter  can  be  printed,  which  may 
be  so  much  superior  as  to  eclipse  my  poor  performance,  and  sink  it  into  utter 
oblivion ;  nay,  worse.  I  may  be  condemned  as  a  plagiary,  for  1  certainly  cannot 

be  heard  in  opposition  to  an  Academician  and  a  Financier But,  after  all, 

I  may  be  doing  Mr.  Lavoisier  injustice. 

Cavendish's  paper  was  read  to  the  Royal  Society  on  January  15th. 

1784,  and  some  of  Watt's  friends.  Deluc  in  particular,  hastened  to  imply 
that  its  conclusions  were  framed  in  the  light  of  knowledge  derived  from 
Watt's  letter.   In  reply  to  Deluc  Watt  writes; 

On  the  slight  glance  I  have  been  able  to  give  your  extract  of  the  paper,  I  think 
his  theorj'  very  different  from  mine;  which  of  the  two  is  the  right  I  cannot  say; 
his  is  more  likely  to  be  so,  as  he  has  made  many  more  experiments,  and  conse- 
quently has  more  facts  to  argue  upon. 

Watt's  letter  to  Priestley,  as  well  as  one  he  wrote  subsequently  to 
Deluc,  were  by  their  author's  direction  subsequently  merged  into  a  single 
communication  and  published  in  the  'Phil.  Trans,  under  the  title  "  Thoughts 
on  the  Constituent  Parts  of  Water,  and  of  Dephlogisticated  Air;  with  an 
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account  of  some  ExpiTiments  on  that  Subject.  In  a  letter  from  Mr.  James 

Watt.  Engineer,  to  Mr.  Deluc,  F.K.S." 

The  controversy  as  ref^ards  priority  died  down  during  the  lifetime  d 
the  parties  principally  ccmccrned,  and  it  seems  to  have  made  no  differ- 
ence in  their  friendly  relations.  It  was  however  revived  by  the  action 
of  Arago,  who  as  PeriK'tual  Secretary  of  the  French  Academy  read  an 
Elogc  on  Watt  who,  like  Cavendish,  had  been  elected  a  member  of  the 
Institute.  Thi>  pmvokrd  ;i  nply  fn»in  the  Rev.  W.  Vernon  Harcourt,  who 
in  the  course  of  \\\^  Pre>i(lrnliai  Address  to  the  British  Association  at  the 
I  Hinninf^'liani  Mt'ctin^  in  iS//>,  set  out  in  detail  all  the  facts  in  support 

i  of  (avtndish's  <iaim^.  in<  ludin;^'  a  lithographed  reprint  of  the  original 

laboratory  nolo,  giving  tin'  datts  and  drlails  of  the  exf>erinients,  thus 
occasioning  what  is  known  in  tlu-  history  of  science  as  the  Water  Con- 

•  troversy,  in  which  Brougham,  PiaccKk,  Muirhead,  Whewell,  Brewster  and 

*  Jeffrey  took  part.   The  con^idtrable  body  of  literature  to  which  this  gave 
Y                                             rise  was  critically  examined  by  (ieorge  Wilson  and  constitutes  a  section  of 
i  his  Life  of  Cavendish. 
■  Time  has  now  set  its  seal  upon  thr  matter  and  there  is  practical  agree- 

^  ,  ment  as  to  its  merits.   As  regards  Lavoisier,  it  cannot  be  claimed  that  he 

i  ^  was  the  first  to  obtain  the  fads.  To  Cavendish  belongs  the  merit  of  having 

",  i  first  supplied  tlie  true  expt-rimental  ba>is  ujwn  which  accurate  knowledge 

I '  could  alone  be  founded.  Watt,  on  tin-  other  hand,  although  reasoning  from 

imiMTfec  t  and  indeed  altogether  erroneous  data,  was  the  first,  so  far  as  we 
K-  can  prove  from  documentary  evidence,  to  state  distinctly  that  water  is 

not  an  element,  but  is  composed,  weight  for  weight,  of  two  other  sub- 
stances, one  of  whicli  he  re^'arded  as  phlogiston  and  the  other  as  de- 
phlof^istieated  air.  It  would  Ix*  a  mistake,  however,  to  supj>ose  that  Watt 
taught  pre(  isely  th<'  sanu*  doctrine  of  th<^  true  nature  of  water  that  we  hold 
to-day-  Nor  did  (avt'ndish  utter  a  more  certain  sound.  What  we  regard 
to-day  as  the  expression  of  tlie  truth,  we  owe  tc)  Lavoisier,  who  stated  it 
j  with  a  directness  and  a  precision  that  ultimately  swept  all  doubt  and 

i'  hesitation  aside    -except  in  th(»  mind  of  Priestley,  whose  "random  ex|>eri- 

ment"  gave  the  lir^t  glimmer  of  the  trutli*. 

As  already  stated,  Cavendish's  paj)er,  or  ratlier  one  section  of  it,  was 

subjected  to  criticism  immediately  after  it  was  comnumicated,  and  before 

it  was  printed,  by  Kirwan,  Mr  Cavendish,  as  h<*  says,  having  had  the 

politeness  to  permit  him  to  read  it.   The  criticism  was  directed  not  to  the 

?,  question  of  the  formation  of  water  but  to  that  of  fi.xed  air  in  the  various 

processes  which  Kirwan  alleged  it  to  be  produced,  but  which  Cavendish 
was  unable  to  verify.  As  regards  water  Kirwan  says  "when  inflammable 
air  from  metals  and  dephlogisticated  air  are  fired,  as  a  great  diminution 
takes  place,  and  yet  no  fixed  air  is  found,  I  am  nearly  convinced,  by 
Mr.  Cavendish's  experiments  that  water  is  really  produced";  and  he  goes 
?  ^  Essays  in  Historical  Chemistry,  James  Watt,  p.  120. 
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account  of  some  Experiments  on  that  Subject.   In  a  letter  from  Mr.  James 
Watt,  Engineer,  to  Mr.  Deluc,  F.R.S." 

The  controversy  as  regards  priority  died  down  diu"ing  the  hfetime  of 
the  parties  principally  concerned,  and  it  seems  to  have  made  no  differ- 
ence in  their  friendly  relations.  It  was  however  revived  by  the  action 
of  Arago,  who  as  Perpetual  Secretary  of  the  French  Academy  read  an 
Eloge  on  Watt  who,  like  Cavendish,  had  been  elected  a  member  of  the 
Institute.  This  provoked  a  reply  from  the  Rev.  W.  Vernon  Harcourt,  who 
in  the  course  of  his  Presidential  Address  to  the  British  Association  at  the 
Birmingham  Meeting  in  1839,  set  out  in  detail  all  the  facts  in  support 
of  Cavendish's  claims,  including  a  lithographed  reprint  of  the  original 
laboratory  notes,  giving  the  dates  and  details  of  the  experiments,  thus 
occasioning  what  is  known  in  the  history  of  science  as  the  Water  Con- 
troversy, in  which  Brougham,  Peacock,  Muirhead,  Whewell,  Brewster  and 
Jeffrey  took  part.  The  considerable  body  of  literature  to  which  this  gave 
rise  was  critically  examined  by  George  Wilson  and  constitutes  a  section  of 
his  Life  of  Cavendish, 

Time  has  now  set  its  seal  upon  the  matter  and  there  is  practical  agree- 
ment as  to  its  merits.  As  regards  Lavoisier,  it  cannot  be  claimed  that  he 
was  the  first  to  obtain  the  facts.  To  Cavendish  belongs  the  merit  of  having 
first  supplied  the  true  experimental  basis  upon  which  accurate  knowledge 
could  alone  be  founded.  Watt,  on  the  other  hand,  although  reasoning  from 
imperfect  and  indeed  altogether  erroneous  data,  was  the  first,  so  far  as  we 
can  prove  from  documentary  evidence,  to  state  distinctly  that  water  is 
not  an  element,  but  is  composed,  weight  for  weight,  of  two  other  sub- 
stances, one  of  which  he  regarded  as  phlogiston  and  the  other  as  de- 
phlogisticated  air.  It  would  be  a  mistake,  however,  to  suppose  that  Watt 
taught  precisely  the  same  doctrine  of  the  true  nature  of  water  that  we  hold 
to-day.  Nor  did  Cavendish  utter  a  more  certain  sound.  What  we  regard 
to-day  as  the  expression  of  the  truth,  we  owe  to  Lavoisier,  who  stated  it 
with  a  directness  and  a  precision  that  ultimately  swept  all  doubt  and 
hesitation  aside — except  in  the  mind  of  Priestley,  whose  "random  experi- 
ment "  gave  the  first  glimmer  of  the  truth^. 

As  already  stated.  Cavendish's  paper,  or  rather  one  section  of  it,  was 
subjected  to  criticism  immediately  after  it  was  communicated,  and  before 
it  was  printed,  by  Kirwan,  Mr  Cavendish,  as  he  says,  having  had  the 
politeness  to  permit  him  to  read  it.  The  criticism  was  directed  not  to  the 
question  of  the  formation  of  water  but  to  that  of  fixed  air  in  the  various 
processes  which  Kirwan  alleged  it  to  be  produced,  but  which  Cavendish 
was  unable  to  verify.  As  regards  water  Kirwan  says  "when  inflammable 
air  from  metals  and  dephlogisticated  air  are  fired,  as  a  great  diminution 
takes  place,  and  yet  no  fixed  air  is  found,  I  am  nearly  convinced,  by 
Mr.  Cavendish's  experiments  that  water  is  really  produced  " ;  and  he  goes 

*  Essays  in  Historical  Chemistry,  James  Watt,  p.  120. 
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on  to  say  that  he  is  not  surprised  at  .this  fact  as  he  should  have  expected 
on  a  priori  grounds  tliat  this  particular  method  of  phlogistication  would 
have  produced  "a  compound  very  different  from  that  which  it  forms  in 
other  instances  of  phlogistication  " ;  and  he  proceeds  to  develop  his  reasons 
with  the  dialectical  skill  and  sprecious  reasoning  characteristic  of  his  nimble 
intellect.  Kirwan's  paper  is,  in  fact,  a  tissue  of  misstatements,  false 
analogies,  and  loose  reasoning,  and  is  remembered  only  from  the  circum- 
stance that  it  provoked  a  reply  from  Cavendish,  and  incidentally  led  to  the 
production  of  his  second  paper  on  "  Experiments  on  Air." 

Cavendish's  reply  is  characteristic  of  him.  tte  begins  by  saying: 

In  a  paper  lately  read  before  this  Society  containing  many  experiments  on 
air,  I  gave  my  reasons  for  supposing  that  the  diminution  which  respirable  air 
suffere  by  phlogistication,  is  not  owinf?  either  to  the  generation  or  separation  of 
fixed  air  from  it ;  but  without  any  arguments  of  a  personal  nature,  or  which 
related  to  any  one  person  who  espouses  the  contrary  doctrine  more  than  to 
another.  This  being  contrary  to  the  opinion  maintained  by  Mr,  Kirwan,  he  has 
written  a  paper  in  answer  to  it  which  was  read  on  the  fifth  of  February. 
As  I  do  not  Uke  troubling  the  Society  with  controversy,  I  shall  take  no  notice  of 
the  arguments  used  by  him,  but  shall  leave  them  for  the  reader  to  form  his  own 
judgement  of;  much  less  will  I  endeavour  to  point  out  any  inconsistencies  or 
false  reasonings,  should  any  such  have  crept  into  it;  but  as  there  are  two  or 
three  experiments  mentioned  there,  which  may  perhaps  be  considered  as  dis- 
agreeing with  my  opinion.  I  beg  leave  to  say  a  few  words  concerning  them. 
The  two  or  three  experiments  are  then  discussed  and  Kirwan's  inferences 
from  them  refuted.  The  Irish  chemist,  who  was  certainly  a  well-read  and 
accomplished  man,  a  keen  critic  and  remarkably  familiar  with  the  chemical 
literature  of  his  time,  both  at  home  and  abroad,  returned  to  the  attack, 
but  without  adducing  any  fresh  facts,  and  Cavendish  therefore  took  no 
notice  of  the  rejoinder. 

It  is  not  improbable,  however,  that  Kirwan's  criticism  of  his  remarks 
on  the  action  of  the  electric  spark  on  air,  which  it  must  be  admitted  are 
not  very  conclusive,  induced  him  to  undertake  further  inquiry  on  this 
matter.  His  results,  which  led  to  the  discovery  of  the  true  nature  of  nitric 
acid,  were  communicated  to  the  Royal  Society  in  1785,  and  are  published 
in  the  Phil.  Trans,  for  that  year  under  the  same  title  as  his  preceding 
paper,  of  which  it  is  professedly  a  continuation. 

He  begins  by  a  reference  to  his  previous  paper  in  which  he  gave  reasons 
for  his  belief  that  the  diminution  produced  in  atmospheric  air  by  phlogisti- 
cation was  not  due  to  the  formation  of  fixed  air.  As  regards  the  action  of 
the  electric  spark  on  air  he  admits  that,  as  he  had  made  no  experiments 
himself  on  that  subject,  his  opinion  had  been  formed  on  the  experiments  of 
others.  As  the  result  of  further  inquiry  he  now  finds  that  although  he  was 
right  in  supposing  the  diminution  in  volume  of  the  air  was  not  due  to  its 
phlogistication  by  the  spark,  and  that  no  fixed  air  was  formed  by  its 
action,  the  real  cause  was  very  different  from  what  he  expected,  and  that 
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it  depends  upon  the  conversion  of  phlogisticated  air  [nitrogen]  into  nitrous 
[nitric]  acid. 

He  then  proceeds  to  give  an  account  of  the  apparatus  he  employed  to 
demonstrate  this  fact.  A  small  quantity  of  the  "air"  to  be  experimented 
upon  was  introduced  into  a  A-shaped  tube  of  about  ^th  of  an  inch  in 
bore  filled  with  mercury,  the  limbs  of  which  were  placed  in  separate 
vessels  of  mercury,  the  length  of  the  column  of  the  "air"  being  in  general 
from  I  to  i\  inches.  Various  solutions,  e.g.  litmus,  lime-water,  soap-lees, 
etc.  could  be  introduced  into  the  two  limbs. 

When  the  electric  spark  was  made  to  pass  through  common  air,  included 
between  short  columns  of  a  solution  of  litmus,  the  solution  acquired  a  red  colour, 
and  the  air  was  diminished,  conformably  to  what  was  obser\'ed  by  Dr.  Priestley. 
When  lime-water  was  used,  instead  of  the  solution  of  litmus,  and  the  spark  was 
continued  till  the  air  could  be  no  further  diminished,  not  the  least  cloud  could  be 
perceived  in  the  lime-water;  but  the  air  was  reduced  to  two-thirds  of  its  original 
bulk ;  which  is  a  greater  diminution  than  it  could  have  suffered  by  mere  phlogisti- 
cation,  as  that  is  very  little  more  than  one-fifth  of  the  whole. 

By  continued  passage  of  the  spark  Cavendish  found  that  the  whole  of  the 
lime  could  be  neutralised,  after  which  the  free  acid  in  the  liquid  began  to 
attack  the  mercury.  "When  the  air  is  confined  by  soap-lees  [solution  of 
caustic  potash]  the  diminution  proceeds  rather  faster  than  when  it  is  con- 
fined by  lime-water."  Accordingly  in  the  rest  o£  the  trials  this  solution  was 
employed  to  absorb  the  acid  produced.  In  the  case  of  pure  oxygen  "the 
diminution  was  but  small":  in  the  case  of  nitrogen, 

no  sensible  diminution  took  place ;  but  when  five  parts  of  pure  dephlogisticated 
air  were  mixed  with  three  parts  of  common  air,  almost  the  whole  of  the  air  was 
made  to  disappear. 

It  must  be  considered,  that  common  air  consists  of  one  part  of  dephlogi- 
sticated  air,  mixed  with  four  of  phlogisticated;  so  that  a  mixture  of  five  parts  of 
pure  dephkigisticated  air,  and  three  of  common  air  is  the  same  thing  as  a  mixture 
of  seven  parts  of  dephlogisticated  air  with  three  of  phlogisticated 

As  fast  as  the  air  was  diminished  by  the  electric  spark,  I  continued  adding 

more  of  the  same  kind,  till  no  further  diminution  took  place The  soap-lees 

being  then  poured  out  of  the  tube,  and  separated  from  the  quicksilver,  seemed 
to  be  perfectly  neutralized,  as  they  did  not  at  all  discolour  paper  tinged  with 
the  juice  of  blue  flowers.  Being  evaporated  to  dryness,  they  left  a  small  quantity 
of  salt,  which  was  evidently  nitre,  as  appeared  by  the  manner  in  which  paper, 
impregnated  with  a  solution  of  it,  burned. 

For  more  satisfaction,  I  tried  this  experiment  over  again  on  a  larger  scale. . . . 
the  spark  was  continued  till  no  more  air  could  be  made  to  disappear.  The  liquor 
when  poured  out  of  the  tube,  smelled  evidently  of  phlogisticated  nitrous  acid 
[nitrous  acid  or  nitric  oxide],  and  being  evaporated  to  dryness,  yielded  i-j^  grains 
of  salt,  which  is  pretty  exactly  equal  in  weight  to  the  nitre  which  that  amount 
of  soap-lees  would  have  afforded  if  saturated  with  nitrous  [nitric]  acid.  This  salt 
was  found,  by  the  manner  in  which  paper  dipped  into  a  solution  of  it  burned,  to  be 
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Tt  appeared,  by  the  test  of  terra  ponderosa  salita  [barium  chloride], 
to  contain  not  more  vitriolic  acid  than  the  soap-lees  themselves  contained,  which 
was  excessively  little ;  and  there  is  no  reason  to  think  that  any  other  acid  entered 
into  it,  except  the  nitrous  [nitric]. 

In  testing  for  the  possible  formation  of  hydrochloric  acid  Cavendish 
incidentally  obtained  a  precipitate  of  silver  nitrite :  it  is  characteristic  of 
his  acute  power  of  observation  that  he  was  not  misled  by  it.  He  says: 

A  circumstance,  however,  occiured,  which  at  first  seemed  to  shew,  that  this 
salt  [the  nitre  from  the  soap-lees]  contained  some  marine  acid;  namely,  an 
evident  precipitation  took  place  when  a  solution  of  silver  was  added  to  some  of 
it  dissolved  in  water;  though  the  soap-lees  used  in  its  formation  were  perfectly 
free  from  marine  acid,  and  though,  to  prevent  all  danger  of  any  precipitate  being 
formed  by  an  excess  of  alkali  in  it,  some  purified  nitrous  [nitric]  acid  had  been 
added  to  it,  previous  lb  the  addition  of  the  solution  of  silver.  On  consideration, 
however,  I  suspected  that  this  precipitation  might  arise  from  the  nitrons  acid 
in  it  being  phlogisticated;  and  therefore  I  tried  whether  nitre,  much  phlogisti- 
cated,  would  precipitate  silver  from  its  solution.  For  this  purpose  I  exposed 
some  nitre  to  the  fire,  in  an  earthen  retort,  till  it  had  yielded  a  good  deal  of 
dephlogisticated  air;  and  then,  having  dissolved  it  in  water,  and  added  to  it 
some  well  purified  spirit  of  nitre  till  it  was  sensibly  acid,  in  order  to  be  certain 
that  the  alkali  did  not  predominate,  I  dropped  into  it  some  solution  of  silver, 
which  immediately  made  a  very  copious  precipitate.  This  solution  however  being 
deprived  of  some  of  its  phlogiston  by  evaporation  to  dryness,  and  e.xposure  for 
a  few  weeks  to  the  air,  lost  the  property  of  precipitating  silver  from  its  solution ; 
a  proof  that  this  property  depended  only  on  its  phlogistication,  and  not  on  its 
having  absorbed  sea-salt  from  the  retort,  or  by  any  other  means. 

Hence  it  is  certain  that  nitre,  when  much  phlogisticated,  is  capable  of 
making  a  precipitate  with  a  solution  of  silver ;  and  therefore  there  is  no  reason  to 
think  that  the  precipitate,  which  our  salt  [i.e.  the  salt  formed  in  the  soap-lees] 
occasioned  with  a  solution  of  silver,  proceeded  from  any  other  cause  than  that 
of  its  being  phlogisticated;  especially  as  it  appeared  by  the  smell,  both  on  first 
taking  it  out  of  the  tube,  and  on  the  addition  of  the  spirit  of  nitre,  previous 
to  dropping  in  the  solution  of  silver,  that  the  acid  in  it  was  much  phlogisticated. 
This  property  of  phlogisticated  nitre  is  worth  the  attention  of  chemists;  as 
otherwise  they  may  sometimes  be  led  into  mistakes,  in  investigating  the 
presence  of  marine  acid  by  a  solution  of  silver. 

No  apology  is  needed  for  this  somewhat  lengthy  extract.  It  is  signifi- 
cant of  the  care,  patience  and  skill  with  which  Cavendish  followed  up  and 
unravelled  phenomena  which  to  less  cautious  operators  would  have  been 
so  many  pitfalls.  All  that  is  necessary  to  make  the  account  consistent 
with  modem  terminology  is  to  read  "  abstraction  of  oxygen  "  for  addition 
of  phlogiston :  otherwise  it  is  a  perfectly  accurate  statement  of  the  relation 
of  nitrous  acid  to  nitric  acid;  of  the  modes  of  their  synthetical  formation; 
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of  the  behaviour  of  nitre  when  heated;  of  the  instability  of  the  alkahne 
nitrites;  and  of  the  method  of  producing  silver  nitrite. 

Having  thus  satisfactorily  demonstrated  that  oxygen  and  nitrogen 
under  the  influence  of  heat  and  in  presence  of  an  alkah  wiU  xmite  to  form 
nitrites  and  nitrates.  Cavendish  proceeds  to  explain  what  he  considers  to 
be  the  rationale  of  their  production.  As  might  be  anticipated,  his  theory 
is  obscured  by  the  mists  of  phlogistonism.  He  had  stated  in  his  preWous 
paper  that  when  nitre  is  deflagrated  with  charcoal  the  acid  [nitric  acid]  is 
converted  into  phlogisticated  air  identical  with  that  contained  in  our 
atmosphere; 

from  which  I  concluded,  that  phlogisticated  air  is  nothing  else  than  nitrous  add 
united  to  phlogiston.  According  to  this  conclusion,  phlogisticated  air  ought  to 
be  reduced  to  nitrous  add  by  being  deprived  of  its  phlogiston.  But  as  de- 
phlogisticated  air  is  only  water  deprived  of  phlogiston,  i^is  plain,  that  adding 
dephlogisticated  air  to  a  body,  is  equivalent  to  depri\'ing  it  of  phlogiston,  and 
adding  water  to  it;  and  therefore  phlogisticated  air  ought  also  to  be  reduced  to 
nitrous  [nitric]  add,  by  being  made  to  unite  to,  or  form  a  chemical  combinaticm 
with,  dephlc^sticated  air;  only  the  acid  formed  this- way  will  be  more  dilute, 
than  if  the  phlogisticated  air  was  simply  deprived  of  phlogiston. 

This  inverted  method  of  representing  the  facts  is  characteristic  of  the 
logic  of  phlogistonism.  Cavendish  impUes  that  nitrogen  is  a  compound  of 
nitric  acid  and  phlogiston,  and  as,  according  to  him,  phlogiston  is  a  hydrate 
of  inflammable  air,  it  follows  that  in  modem  terminolc^y  nitn^n  should 
be  regarded  as  a  hydraUd  hydrogen  nitraU.  WTien  therefore  oxygen  acts 
upon  this  combination,  it  combines  wth  the  phlogiston  forming  water  and 
Uberating  and  then  diluting  the  nitrous  [nitric]  add.  He  then  recapitulates 
the  facts  of  his  experiments  already  stated  and  interprets  them  in  the 
light  of  his  theory,  and  in  like  manner  explains  the  formation  of  the  nitric 
acid  obser\'ed  in  the  course  of  his  observations  on  the  synthesis  of  water. 

He  next  rex-iews  the  properties  of  phlogisticated  air  as  it  exists  in  the 
atmosphere,  noting  their  negative  character,  and  then  raises  the  question 
"whether  there  are  not  in  reality  many  different  substances  confounded 
together  by  us  under  the  name  of  phlogisticated  air."  This  latter  point 
has  already  been  noted  by  the  late  Lord  Rayleigh ;  it  is  of  such  special 
interest  in  the  light  of  subsequent  work  that  the  passage  merits  quotation. 
Cavendish  thus  describes  how  he  proceeds  to  find  an  answer  to  his  query: 

I  therefore  made  an  experiment  to  determine,  whether  the  whole  of  a  given 
portion  of  the  phlogisticated  air  of  the  atmosphere  could  be  reduced  to  nitrous 
add,  or  whether  there  was  not  a  part  of  a  different  nature  from  the  rest,  which 
would  refuse  to  undergo  that  change.  The  foregoing  experiments  indeed  in  some 
measure  dedded  this  point,  as  much  the  greatest  part  of  the  air  let  up  into  the 
tube  lost  its  elastidty ;  yet.  as  some  remained  unabsorbed,  it  did  not  appear  for 
certain  whether  that  was  of  the  same  nature  as  the  rest  or  not.  For  this  purpose 
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I  diminished  a  similar  mixture  of  dephlogisticated  and  common  air,  in  the  same 
manner  as  before,  till  it  was  reduced  to  a  small  part  of  its  original  bulk.  I  tlien, 
in  order  to  decompound  as  much  as  1  could  of  the  phlogisticated  air  which 
remained  in  the  tube,  added  some  dephlogisticated  air  to  it,  and  continued  the 
spark  tiU  no  further  diminution  took  place.  Having  by  these  means  condensed 
as  much  as  I  could  of  the  phlogisticated  air,  I  let  up  some  solution  of  liver  of 
sulphur  to  absorb  the  dephlogisticated  air;  after  which  only  a  small  bubble  of 
air  remained  unabsorbed,  which  certainly  was  not  more  than  y^j  of  the  bulk  of 
the  phlogisticated  air  let  up  into  the  tube;  so  that  if  there  is  any  part  of  the 
phlogisticated  air  of  our  atmosphere  which  differs  from  the  rest,  and  cannot  be 
reduced  to  nitrous  acid,  we  may  safely  conclude,  that  it  is  not  more  than  j^ 
part  of  the  whole. 

No  doubt,  according  to  Newton's  second  rule  that  "to  natural  effects 
of  the  same  kind  the  same  causes  are  to  be  assigned,  as  far  as  it  may  be 
done,"  Cavendish  might  be  warranted  in  concluding  that  the  phlogisticated 
air  of  the  atmosphere  is  ol  uniform  character  with  the  exception  of  at 
least  the  y^th  part.  At  the  same  time  the  conclusion  imphcitly  assumes 
the  absence  of  forms  of  phlogisticated  air  which  might  equally  have  the 
power  to  unite  with  oxygen  under  the  conditions  of  the  experiment. 

The  late  Lord  Rayleigh,  as  is  well  known,  repeated  the  Cavendish  ex- 
periment on  a  large  scale  and  showed  that  the  "small  bubble"  must  have 
consisted  substantially  of  argon,  doubtless  mixed  with  the  other  inert 
gases  of  the  atmosphere  subsequently  discovered  by  Sir  William  Ramsay. 

Cavendish  then  reverts  to  his  original  supposition  that  in  the  presence 
of  "inflammable"  [combustible  or  organic]  matter  "some  of  this  matter 
might  be  burned  by  the  spark,  and  thereby  diminish  the  air."  Oxygen 
confined  over  distilled  water,  soap-lees  and  litmus  solution  was  therefore 
"sparked,"  but  only  a  very  slight  diminution  was  observed,  due  probably 
to  air  in  the  solutions  or  to  the  formation  of  ozone.  In  the  case  of  the  litmus 
"  the  solution  soon  acquired  a  red  colour,  which  became  paler  and  paler  as 
the  spark  was  continued,  till  at  last  it  was  quite  colourless  and  transparent." 
Fixed  air  was  formed,  as  shown  by  lime-water  becoming  cloudy. 

In  this  experiment  therefore  the  litmus  was,  if  not  burnt,  at  least  decora- 
pounded,  so  as  to  lose  entirely  its  purple  colour,  and  to  yield  fixed  air. .  .and  so 
very  likely  might  the  solutions  of  many  other  combustible  [organic]  substances. 
But  there  is  nothing,  in  any  of  these  experiments,  which  favours  the  opinion  of 
the  air  being  at  all  diminished  by  means  of  phlogiston  communicated  to  it  by 
the  electric  spark. 

There  is  also  nothing  in  Cavendish's  electrical  researches  to  show  that 
he  ever  associated  phlogiston  with  electricity,  and  although  he  attempted  to 
explain  some  of  the  principal  phenomena  of  electricity  by  the  assumption  of 
an  elastic  fluid,  no  mention  of  phlogiston  occurs  in  his  memoirs,  nor  can  we 
gather  how  he  supposed  that  phlogiston  could  be  communicated  to  oxygen 
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by  means  of  the  electric  spark.  We  axe  again  met  with  the  ever-recurrent 
difficulty:  what  exactly  was  Cavendish's  conception  of  phlogiston? 

This  paper,  as  throwing  light  upon  the  true  nature  of  nitric  acid,  and  its 
relations  to  oxygen  and  nitrogen,  naturally  attracted  considerable  atten- 
tion, and  became  the  subject  of  further  inquiry.  Other  observers  ^'of 
distinguished  ability"  in  attempting  to  repeat  Cavendish's  experiment 
were  not  equally  successful,  and  accordingly  he  "thought  it  right  to  take 
some  measures  to  authenticate  the  truth  of  it."  He  therefore  requested 
Mr  Gilpin,  Clerk  to  the  Royal  Society,  to  repeat  the  experiment  "in 
presence  of  some  of  the  Gentlemen  most  conversant  with  these  subjects." 
It  appeared  that  the  chemists  who  had  endeavoured  to  repeat  the  sjoithesis 
of  the  nitric  acid  were  Van  Marum  and  Paets  Van  Trootswyk  in 
Holland;  and  Lavoisier,  Hassenfratz  and  Monge  in  France.  "I  am  not 
acquainted,"  says  Cavendish,  "with  the  method  which  the  three  latter 
Gentlemen  employed,  and  am  at  a  loss  to  conceive  what  could  prevent 
such  able  philosophers  from  succeeding,  except  want  of  patience." 

The  details  of  the  repetition  are  set  forth  in  a  paper  read  to  the  Royal 
Society  on  April  17th,  1788,  and  published  in  the  Phil,  Trans,  for  that  year 
under  the  title  "On  the  Conversion  of  a  Mixture  of  dephlogisticated  and 
phlogisticated  Air  into  nitrous  Acid,  by  the  Electric  Spark."  We  learn 
from  this  paper  that  the  electrical  machine  employed  by  Cavendish 

was  one  of  Mr.  Naime's  patent  machines,  the  cylinder  of  which  is  izl  inches  long, 
and  7  in  diameter.  A  conductor  of  5  feet  long,  and  6  inches  in  diameter,  was 
adapted  to  it,  and  the  ball  which  received  the  spark  was  placed  at  two  or  three 
inches  from  another  ball,  fixed  to  the  end  of  the  conductor.  Now  when  the 
machine  worked  well,  Mr.  Gilpin  supposes  he  got  about  two  or  three  hundred 
sparks  a  minute,  and  the  diminution  of  the  air  during  the  half  hour  which  he 
continued  working  at  a  time,  varied  in  general  from  40  to  120  measures,  but 
was  usually  greatest  when  there  was  most  air  in  the  tube,  provided  the  quantity 
was  not  so  great  as  to  prevent  the  spark  from  passing  readily. 

The  experiment  was  repeated  twice  and  the  formation  of  nitric  acid 
was  fully  confirmed.  As  Van  Marum  had  described  the  details  of  his 
method  Cavendish  was  able  to  point  out  the  cause  of  his  want  of  success. 
A  diminution  in  volume  of  the  included  gas  was  actually  observed  by  him, 
but  the  alkali  was  only  imperfectly  neutralised  and  the  touch-paper  pre- 
pared from  it  was  not  sufficiently  quick-biuning.  The  experiment  has  been 
frequently  repeated  and  with  simpler  apparatus.  Faraday  showed  that  if 
paper  moistened  with  caustic  potash  solution  be  suspended  between  two 
brass  balls  from  which  a  spark  discharge  is  passing,  nitre  is  rapidly  formed 
and  the  paper  becomes  touch-paper. 

It  is  not  necessary  to  dwell  upon  the  importance  of  Cavendish's  dis- 
covery simply  as  a  scientific  fact,  or  to  point  out  the  manifold  results  which 
have  flowed  from  it  in  connection  with  the  natural  occurrence  of  nitrates, 
and  the  nutrition  of  plants.   His  method  of  sjmthesis  is  to-day  the  basis 
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of  an  industry  which  bids  fair  to  revolutionise  large  and  important  depart- 
ments of  chemical  and  agricultural  procedure. 

This  paper  constitutes  the  last  of  Cavendish's  publislied  chemical  re- 
searches. In  point  of  time  they  range  from  1766  to  1788.  The  Chatsworth 
manuscripts  contain  results  of  other  chemical  inquiries  which  will  be 
referred  to  later. 

We  now  pr(w:eed  to  give  some  account  of  his  published  labours  in  other 
departments  of  science  with  the  exception  of  his  electrical  researches 
which  have  already  been  fully  dealt  with  by  Professor  Clerk  Maxwell. 

As  already  stated.  Cavendish,  as  regards  science,  was  a  remarkably 
many-sided  man.  Practically  every  field  of  scientific  inquiry  opened  up  in 
his  time  attracted  him,  and  he  carried  on  more  or  less  simultaneously 
investigations  in  very  different  branches.  As  his  published  work  in  depart- 
ments other  than  electricity  and  chemistry  does  not  allow  itself  to  be 
conveniently  classified,  it  may  be  desirable  to  treat  of  these  papers  in  the 
order  of  their  appearance. 

Cavendish's  memorable  paper  on  electricity,  published  in  the  Phil. 
Trans,  for  1771,  established  his  position  as  an  authority  on  that  branch 
of  physical  science,  and  no  doubt  led  to  his  inclusion  on  a  committee 
appointed  by  the  Royal  Society  at  the  request  of  the  Board  of  Ordnance, 
to  consider  the  best  method  of  protecting  the  powder  magazine  at  Purfieet 
from  lightning.  This  matter  has  already  been  dealt  with  by  Professor 
Clerk  Maxwell  in  the  earlier  volume  of  this  work  and  need  not  therefore 
be  further  referred  to. 

During  the  latter  half  of  the  eighteenth  century  meteorological  obser- 
vations began  to  attract  an  increasing  amount  of  attention  and  the  early 
volumes  of  the  Phil.  Trans,  contain  numerous  communications  on  the 
subject.  In  1773  the  Royal  Society  instituted  imder  Cavendish's  super- 
intendence and  direction  systematic  and  regular  observations  on  atmo- 
spheric temperature,  pressure,  humidity,  rain-fall,  and  wind,  as  well  as  on 
magnetic  variation  and  inclination,  at  their  house  in  Crane  Court  and 
subsequently  at  Somerset  Place.  These  records  were  tabulated  and  dis- 
cussed in  successive  volumes  of  the  Transactions  down  to  1843  when  on 
the  recommendation  of  the  Council  of  the  Society,  the  Government 
established  a  meteorological  and  magnetic  observatory  in  association  with 
the  Royal  Observatory  at  Greenwich. 

A  couple  of  years  after  their  installation  in  Crane  Court  the  Council  of 
the  Society  requested  Cavendish  to  examine  the  condition  and  mode  of 
working  of  the  instnunents,  and  his  report  was  published  in  the  Phil. 
Trans,  for  1776  under  the  title  of  "An  Account  of  the  Meteorological 
Instruments  used  at  the  Royal  Society's  House."  It  contains  a  description 
of  the  thermometers,  barometer,  rain-gauge,  hygrometer,  variation- 
compass  and  dipping-needle. 

Cavendish,  like  his  father,  had  paid  considerable  attention  to  thermo- 
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metry  and  he  tcx)k  advantage  of  the  opportiinity  afforded  by  the  report 
to  indicate  certain  sources  of  error  in  the  mode  of  graduation  of  the 
thermometer  and  in  the  manner  of  its  use.  He  was  the  first  to  draw  atten- 
tion to  the  necessity  of  correcting  for  the  emergent  column;  that  is,  for 
the  portion  of  mercury  in  the  stem  not  heated  to  the  temperature  it  is 
desired  to  ascertain.   He  points  out  that  a  thermometer, 

dipped  into  a  liquor  of  the  heat  of  boiling- water,  will  stand  at  least  2°  higher,  if 
it  is  immersed  to  such  a  depth  that  the  quicksilver  in  the  tube  is  heated  to  the 
same  degree  as  that  in  the  ball,  than  if  it  is  immersed  no  lower  than  the  freezing- 
point,  and  the  rest  of  the  tube  is  not  much  warmer  than  the  air.  The  only  accurate 
method  is,  to  take  care  that  all  parts  of  the  quicksilver  should  be  heated  equally. 
For  this  reason,  in  trying  the  heat  of  liquor  much  hotter  or  colder  than  the  air, 
the  thermometer  ought,  if  p)ossible,  to  be  immersed  ahnost  as  far  as  to  the  top 
of  the  column  of  quicksilver  in  the  tube. 

But  as  this  procedure  is  not  always  practicable.  Cavendish  gives  a  table 
showing  the  amount  to  be  added  or  subtracted  for  the  number  of  degrees 
not  immersed  "owing  to  the  supposed  difference  of  heat  of  the  quicksilver 
in  that  part  of  the  tube  and  in  the  ball,"  based  on  the  assumption  "that 
quicksilver  expands  one  11500th  part  of  its  bulk  by  each  degree  [F.]  of  heat." 

This  table  has  long  since  been  superseded  by  others  based  upon  similar 
principles,  but  even  subsequent  tables, although  more  accurate,  are  affected, 
like  that  of  Cavendish,  by  uncertainty  as  to  the  true  temperature  of  the 
mercury  in  the  emergent  column. 

In  spirit  thermometers,  as  he  points  out,  the  error  of  the  emergent 
column  may  be  much  greater  owing  to  the  greater  expansibility  by  heat 
of  spirits  of  wine. 

He  indicates  the  necessity  of  immersing  the  whole  of  the  mercury  in 
the  steam  from  boiling  water  when  determining  the  upper  fixed  point  of 
a  thermometer  and  describes  a  simple  apparatus  for  this  purpose. 

"At  present,"  he  says,  "there  is  so  little  uniformity  obser\'ed  in  the  manner  of 
adjusting  thermometers,  that  the  boiling-point,  in  instruments  made  by  our  best 
artists,  differ  from  each  other  by  not  less  than  2  J° ;  owing  partly  to  a  difference  in 
the  height  of  the  barometer  at  which  they  were  adjusted,  and  partly  to  the 
quicksilver  in  the  tube  being  more  heated  in  the  method  used  by  some  persons, 
than  in  that  used  by  others.  It  is  ver\'  much  to  be  wished  therefore,  that  some 
means  were  used  to  establish  a  uniform  method  of  proceeding;  and  there  are 
none  which  seem  more  proper,  or  more  likely  to  be  effectual,  than  that  the  Royal 
Society  should  take  it  into  consideration,  and  recommend  that  method  of  pro- 
ceeding which  shall  appear  to  them  to  be  most  expedient." 

The  barometer  in  use  by  the  Royal  Society  was  of  the  "cistern  kind," 
and  Cavendish  discusses  the  best  method  of  reading  it,  and  he  states  his 
reasons  for  preferring  it  to  the  sj-phon  barometer.  He  gives  a  table  of 
corrections  for  capillary  depression  depending  upon  the  diameter  of  the 
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•e,  based  upon  observations  made  by  his  father,  Lord  Charles  Cavendish, 
which  as  Professor  Clerk  Maxwell  has  pointed  out  "have  furnished  the 
basis  not  only  for  the  correction  of  the  reading  of  barometers,  etc.  but  for 
the  verification  of  the  theory  of  capillary  action  by  Young.  I^place, 
Poisson  and  Ivory."  From  notes  and  memoranda  to  be  found  among  his 
pajiers  it  would  appear  that  the  actual  measurements  made  to  determine 
the  degree  of  depression  were  made  by  Cavendish  himself. 

The  results  of  the  barometric  observations  were  published  by  the 
Society  as  monthly  means.  It  would  seem  to  have  been  the  practice 
of  the  observer  to  reduce  each  observation,  taken  twice  a  day,  to  the 
standard  temperature,  and  to  take  the  mean  of  the  whole.  Cavendish 
points  out  that 

it  is  sufficient  to  take  the  mean  height  of  the  barometer,  and  correct  that  accord- 
ing to  the  mean  heat  of  the  thermometer ;  the  result  will  be  exactly  the  same  as  if 
each  observation  had  been  corrected  separately,  and  a  mean  of  the  corrected 
observations  taken. 

Cavendish  seems  to  have  been  satisfied  with  the  character  ^A.  position 
of  the  "rain-gage."  and  notes  that  the  strength  of  the  wind  is  registered  as 
"gentle,  brisk,  and  violent  or  stormy,  which  are  distinguished  by  the 
figures  I,  2,  and  3.  When  there  is  no  sensible  wind,  it  is  distinguished  by 
a  cypher."  Observations  of  humidity  were  made  by  Smeaton's  hygrometer 
{PAi/.  Trans^  61.  19S),  depending  upon  the  variations  in  length  of  a 
stretched  string- 

The  construction  and  mode  of  use  of  the  variation-compass  and  dipping- 
needle  are  discussed  at  considerable  length,  and  the  sources  of  error  and 
methods  of  eliminating  them  are  set  out  in  detail.  Cavendish  would  appear 
to  have  been  familiar  with  magnetic  observations  of  this  kind,  and  to  have 
assisted  his  father  in  making  and  recording  them.  The  variation -compass 
was  constructed  by  Naime  after  the  pattern  designed  by  Knight  with 
certain  modifications  introduced  by  Lord  Charles  Cavendish  and  Sisson. 
An  attempt  was  made  to  determine  the  error  due  to  local  attraction  in  the 
Society's  house  by  comparison  with  an  instrument  at  Great  Marlborough 
Street,  presumably  belonging  to  Lord  Charles  Cavendish. 

The  dipping-needle  was  made  by  Naime  "after  a  plan  of  the  Rev. 
Mr.  Michell.  F.R.S.,  Rector  of  ThomhiU* "  and  is  described  in  PAiV.  Trans. 
1772.  62.  476.  The  method  of  observation  was  precisely  the  same  as  that 
in  use  to-day.  viz.  reading  the  needle  east  and  west  and  reversing  the  poles. 
Cavendish  discusses  the  theory  of  this  procedure  and  points  out  its  practical 
limitations  due  to  mechanical  difficulties  in  construction,  more  particularly 
to  the  ends  of  the  axis  not  being  truly  cyhndrical^^n  imperfection  not 
infrequently  still  met  with  in  modem  dipping-needles.  In  his  report  he  gives 
the  result  of  comparisons  between  needles  of  different  constmction,  made 
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in  the  garden  of  his  house  in  Great  Marlborough  Street,  "partly  with  a 
view  to  determine  the  true  dip  at  this  time  [1775]  in  a  place  out  of  reach 
of  the  influence  of  any  iron  work,  and  partly  to  see  how  nearly  different 
needles  would  agree." 

This  report  to  the  Society  displays  Cavendish  at  his  best.  It  reveals 
the  range  of  his  knowledge,  his  painstaking  care,  his  sense  of  accuracy,  his 
perspicacity  and  the  thoroughness  with  which  he  studied  any  problem  he 
attacked.  Instruments  designed  for  measurement  had  always  a  special 
attraction  for  him,  and  he  seems  to  have  taken  a  peculiar  pleasure  in 
working  with  them  and  in  studying  their  behaviour  with  a  view  to  getting 
the  best  results  out  of  them.  He  would  appear  to  have  had  no  great  interest 
in  the  technical  side  of  invention ;  at  all  events  his  name  is  not  now  associated 
with  any  instrument  of  precision,  or  any  formal  piece  of  apparatus  now  in 
use^.  His  main  concern  seemed  to  be  to  make  such  instruments  as  he  could 
construct  out  of  rough  material,  or  as  the  "artists"  of  his  day  provided, 
serve  his  purpose  by  skilful  and  intelligent  use.  With  him  it  was  a  case  of 
"the  man  behind  the  gun." 

His  sugigestion  that  the  Royal  Society  should  take  steps  to  standardise 
the  method  of  determining  the  fixed-points  of  mercurial  thermometers  led 
the  Council  to  appoint  a  committee  consisting  of  himself,  Dr  Heberden, 
Mr  Alex.  Aubert,  Dr  Deluc,  Rev.  Nevil  Maskelyne,  Dr  Horsley  and 
Mr  Planta  to  consider  further  and  advise  them  on  the  matter.  The  report, 
which  was  presented  in  1777  was  published  in  the  Phil,  Trans.  67.  816. 
The  committee  adopted  substantially  Cavendish's  methods  of  ascertaining 
the  upper  fixed  point,  after  a  careful  experimental  inquiry,  the  details  of 
which  are  fully  described  and  the  notes  of  which  are  still  preserved  among 
his  papers.  In  regard  to  the  correction  for  the  emergent  column,  it  is 
suggested  that  its  mean  temperature  may  be  ascertained  with  sufficient 
accuracy  by  attaching  a  second  thermometer  to  the  stem,  in  the  manner 
still  practised.  The  standard  atmospheric  pressure  adopted  is  29-8  inches, 
and  full  instructions  are  given  as  to  the  corrections  to  be  applied  to  the 
observed  boiling-point  when  the  barometer  diflEers  from  this  height.  The 
report,  which  seems  to  have  been  largely  drawn  up  by  Cavendish, — con- 
siderable sections  of  it  in  his  own  handwriting  are  to  be  found  among  his 
Mss.  papers, — is  a  notable  contribution  to  thermometry;  it  exercised  an 
immediate  influence  on  the  construction  and  use  of  the  mercurial  thermo- 
meter and  incidentally  on  the  development  of  the  science  of  heat. 

Cavendish's  interest  in  merciuy  as  a  thermometric  agent  was  doubtless 
the  reason  that  induced  him  to  occupy  himself  with  the  question  of  its 
solidification.  That  mercury  could  be  frozen  was  first  clearly  demonstrated 

1  As  might  be  supposed,  Cavendish  paid  considerable  attention  to  the  improve- 
ment of  the  chemical  balance  and  he  possessed  good  instruments  of  Ramsden's 
construction.  We  owe  to  him  the  first  suggestion  to  use  agate  planes  for  the  bearing 
of  the  central  and  terminal  knife-edges. 
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in  1759  by  Braun  of  St  Petersburg  who  effected  its  solidification  by 
means  of  a  freezing-mixture  of  snow  and  nitric  acid,  when  he  "obtained  a 
solid,  shining  metallic  mass,  which  extended  under  the  strokes  of  a  pestle; 
in  hardness  rather  inferior  to  lead,  and  yielding  a  dull  dead  sound  like 
that  metal."  This  observation  excited  great  interest,  mercury  being  re- 
garded from  the  time  of  the  alchemists  as  a  substance  of  quite  peculiar 
properties,  and  possessed  in  a  preeminent  degree  of  the  * '  essential  principle 
of  fluidity."  At  the  instance  of  the  Royal  Society,  Braun's  experiments 
were  repeated  and  confirmed  in  1775  by  Mr  Thomas  Hutchins,  the 
Governor  of  Albany  Fort,  in  Hudson's  Bay,  but  the  most  exaggerated 
estimates  of  the  degree  of  cold  necessary  for  the  solidification  of  the  metal 
were  current.  The  proper  method  of  ascertaining  the  freezing-point  was 
pointed  out,  independently,  by  Black  and  Cavendish,  the  latter  of  whom 
furnished  Hutchins  with  thermometers  and  a  simple  apparatus  in  which 
the  experiment  might  be  repeated,  and  the  temperature  of  solidification 
accurately  determined.  The  second  series  of  experiments  were  made  in 
1781-1782  and  the  results  were  communicated  to  the  Royal  Society  in 
1783  and  are  published  in  the  Phil.  Trans,  'j^.  303.  They  were  com- 
mented upon  by  Cavendish  in  a  paper  published  in  the  same  volume, 
entitled  "  Observations  on  Mr.  Hutchins's  Experiments  for  determming  the 
Degree  of  Cold  at  which  Quicksilver  freezes."  He  begins  by  explaining  the 
apparatus  he  suggested,  and  which  was  employed  by  Hutchins. 

It  consisted  of  a  small  mercurial  thermometer,  the  bulb  of  which  reached 
about  zj  inches  below  the  scale,  and  was  inclosed  in  a  glass  cylinder  swelled  at 
bottom  into  a  ball,  which,  when  used,  was  filled  with  quicksilver,  so  that  the 
bulb  of  the  thermometer  was  intirely  surrounded  with  it.  If  this  cylinder  is 
immersed  In  a  freezing  mixture  till  great  part  of  the  quicksilver  in  it  is  frozen, 
it  is  evident,  that  the  degree  shewn  at  that  time  by  the  inclosed  thermometer,  is 
the  precise  point  at  which  mercurj'  freezes. 

Cavendish  then  points  out  the  fallacy  in  the  preceding  attempts  in 
which  the  degree  of  cold  was  estunated  by  noting  the  degree  of  contraction 
In  the  thermometer  itself  containing  the  frozen  mercury,  as  no  account  was 
taken  of  the  diminution  in  volume  which  the  mercury  suffers  in  passing 
from  the  liquid  to  the  solid  state.  He  compares  the  phenomena  of  freezing 
mercury  with  those  observed  on  the  solidification  of  water  and  of  melted 
tin  or  lead.  He  draws  attention  to  the  super-cooling  of  water,  explains  the 
rise  of  temperature  at  the  moment  of  solidification  and  points  out  its 
natural  effect.  His  explanation  agrees  with  that  of  Black; 
only  instead  of  using  the  expression,  heat  is  generated  or  produced,  he  [Black] 
says,  latent  heat  is  evolved  or  set  free;  but  as  this  expression  relates  to  an  hy- 
pothesis depending  on  the  supposition,  that  the  heat  of  bodies  is  owing  to  their 
containing  more  or  less  of  a  substance  called  the  matter  of  heat;  and  as  I  think 
Sir  Isaac  Newton's  opinion,  that  heat  consists  in  the  intern^  motion  of  the 
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particles  of  bodies,  much  the  most  probable,  I  chose  to  use  the  expression,  heat 
is  generated. 

Cavendish  then  discusses  seriatim  the  accounts  furnished  by  Hutchins 
of  his  several  experiments;  and  after  correcting  the  results  so  as  to  accord 
with  a  thermometer 

adjusted  in  the  manner  reconunended  by  the  Committee  of  the  Royal  Society, 
it  follows,  that  all  the  experiments  agree  in  shewing  that  the  true  point  at  which 
quicksilver  freezes  is  38§^,  or  in  whole  numbers  39°  [F.]  below  o*. 

With  regard  to  the  contraction  of  merciuy  in  freezing.  Cavendish,  after 
discussing  certain  observations  by  Hutchins  and  Braun,  concludes  that 
it  is  "almost  ^  of  its  whole  bulk,"  which  agrees  with  the  value  deduced 
from  Mallet's  determination  of  its  specific  gravity  at  its  melting  point 
(Proc,  Roy.  Soc,  1877,  26.  71). 

The  remainder  of  the  paper  consists  of  a  discussion  on  the  cold  pro- 
duced by  the  freezing  mixture  of  snow  and  nitric  acid  employed.  This  he 
says  is  owing  to  the  melting  and  solution  of  the  snow  in  the  acid. 

Now,  in  all  probability,  there  is  a  certain  degree  of  cold  in  which  the  spirit  of 
nitre,  so  far  from  dissoMng  snow,  will  }ield  out  part  of  its  own  water,  and  suffer 
that  to  freeze,  as  is  the  case  with  solutions  of  common  salt ;  so  that  if  the  cold 
of  the  materials  before  mixing  be  equal  to  this,  no  additional  cold  can  be  pro- 
duced. If  the  cold  of  the  materials  is  less,  some  increase  of  cold  will  be  produced; 
but  the  total  cold  will  be  less  than  in  the  former  case,  since  the  additional  cold 
cannot  be  generated  without  some  of  the  snow  being  dissolved,  and  thereby 
weakening  the  acid,  and  making  it  less  able  to  dissolve  more  snow ;  but  yet  the  less 
the  cold  of  the  materials  is,  the  greater  will  be  the  additional  cold  produced. . . . 

However  extraordinary^  it  may  at  first  appear,  there  is  the  utmost  reason  to 
think,  that  a  rather  greater  degree  of  cold  would  have  been  obtained  if  the  spirit 
of  nitre  had  been  weaker. 

^  The  following  are  recorded  determinations  of  the  freezing  point  of  mercury 
(Science  Abstracts,  20,  11,  1917,  58): 

Authority  Date  Thermometer  Value 

°C. 
Hutchins  1776  -  39*44 

Cavendish  1783  -  39'26 

Regnault  1862  -  38'50 

B.  Stewart  1863       Gas  thermometer  -  38*85 

Vicentini  and  Omodei         1888)     ^.  ..  ^  .       .  (-38-80 

p,  .  Q  fX     Mercury  thermometer  previously  com-  J  _     o  « 

Ch^ee^"'^  Isls)         P^^  "^^  ^^  ^^  thermometer         ]:  ^^^[^^ 

Henning  191 4       Platinum  thermometer  -  38-89 

Wilhelm  1916       Resistance  thermometer  -  38-87 

As  Blagden  states  in  his  "  History  of  the  Congelation  of  Quicksilver  "  (Phil.  Trans. 
73.  1783,  329)  Cavendish  was  the  first  to  effect  its  solidification  in  England,  at  his 
house  at  Hampstead,  on  February  26th,  1 783  by  a  freezing  mixture  of  pounded  ice 
or  snow  and  dilute  nitric  acid. 
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He  points  out  that  strong  nitric  acid  generates  heat  by  combining  with 
water  and  that  it  is  only  when  a  certain  amount  of  water  has  been  added 
that  this  generation  of  heat  ceases,  when  tlie  addition  of  snow  produces 
cold.  The  amount  of  water  which  needs  to  be  added  to  the  strong  acid 
before  the  generation  of  heat  ceases  was  foimd  by  Cavendish  to  be  about 
J  the  weight  of  the  acid,  which  pwints  to  the  formation  of  a  monohydrate: 
this  when  mixed  with  snow  appears  to  form  the  most  effective  of  the 
freezing  mixtures  afforded  by  mixtures  of  this  acid  and  snow. 

This  paper  was  followed  by  a  lengthy  communication  from  Blagden  on 
a  "History  of  the  Congelation  of  Quicksilver"  (Phil.  Trans.  7^.  329} 
which  gives  an  account  of  all  the  observa_tions  on  the  subject  previously 
published,  with  an  examination  of  the  statements  concerning  extra- 
ordinary low  temperatures  which  had  been  recorded  by  travellers  and 
others  in  Siberia,  Lapland  and  elsewhere,  and  which  he  shows  to  be 
fallacious  on  grounds  stated  by  Cavendish.  These  papers  taken  together 
are  of  importance  as  refuting  the  exaggerated  conceptions  of  the  intensity 
of  cold  in  the  neighbourhood  of  the  polar  regions  and  as  putting  an  end  to 
erroneous  speculations  concerning  the  influence  of  low  temperatures  on 
animal  and  vegetable  life. 

Cavendish's  interest  in  the  subject  of  freezing  mixtures,  and  in  the 
theory  of  their  action,  induced  him  to  institute  a  further  series  of  experi- 
ments at  Hudson's  Bay  with  the  assistance  of  Mr  John  McNab,  to  whom 
he  sent  solutions  of  nitric  and  sulphuric  acids  of  various  strengths,  as  well 
as  of  ordinary  alcohol,  with  "accurately  adjusted"  thermometers,  with 
instructions  for  their  use.  The  results  of  the  observations  were  communi- 
cated by  Cavendish  to  the  Royal  Society  in  1786  and  Jire  published  in  the 
Phil.  Trans,  for  that  year  (Vol.  76,  p.  241)  imder  the  title  "An  Account  of 
Experiments  made  by  Mr  John  McNab,  at  Henley  House,  Hudson's  Bay, 
relating  to  freezing  Mixtures." 

In  connection  with  these  experiments  Cavendish  furnishes  a  table 
showing  the  specific  gravities  and  corresponding  strengths  of  the  acids 
which  were  to  be  employed,  the  specific  gravities  being  taken  at  60°  F., 
compared  with  water  at  the  same  temperature,  and  the  strengths  ascer- 
tained by  determining  the  weight  of  marble  which  i  part  by  weight  of  the 
acid  would  dissolve.  The  numbers  he  gives  enable  us  to  gain  an  idea  of  the 
accuracy  with  which  he  worked.  Sphit  of  nitre  of  the  specific  gravity  he 
states,  viz.  1-4371  at  60°  F.,  would  contain  73-5  per  cent,  of  real  nitric  acid 
and  I  part  of  it  by  weight  would  dissolve  0-583  parts  of  pure  marble: 
Cavendish  found  0-582.  Similarly,  spirit  of  nitre  of  specific  gravity  1-4043 
at  60760°  F.  would  contain  66  per  cent,  of  nitric  acid,  and  i  part  by  weight 
would  dissolve  0-524  parts  of  marble:  Cavendish  found  0-525.  Strong  oil 
of  vitriol  of  specilic  gravity  i'8437  at  (to°j6o°  F.  would  contain  97-35  per 
cent.  HjSOj,  i  part  by  weight  of  which  would  be  theoretically  capable  of 
dissolving  0-990  parts  of  marble:  Cavendish  found  indirectly  0-98.  These 
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numbers  are  a  striking  exemplification  of  the  care,  patience  and  manipu- 
lative skill  which  he  spent  upon  all  quantitative  determinations. 

Cavendish  had  a  two-fold  object  in  instituting  these  experiments.  It 
appeared  from  some  observations  of  Fahrenheit,  who  did  a  considerable 
amount  of  work  on  freezing  mixtures,  that  nitric  acid  could  be  frozen,  and 
that  the  frozen  acid  when  mixed  with  ice  produced  cold,  a  result  confirmed 
by  Braun.  It  seemed  doubtful,  however,  "whether  it  was  the  whole  acid, 
or  only  the  watery  part,  which  froze,"  and  to  clear  up  this  point  Cavendish 
"  desired  Mr.  McNab  to  expose  it  to  the  cold,  and  if  it  froze,  to  ascertain  the 
temperature,  and  decant  the  fluid  part  into  another  bottle,  and  send  both 
home  to  be  examined."  Similar  experiments  were  to  be  made  with  the 
solutions  of  sulphuric  acid  and  spirits  of  wine.  His  second  object  was  to 
ascertain  whether  by  proceeding  as  he  directed,  *'a  greater  degree  of  cold 
might  be  produced  than  had  been  done  hitherto." 

In  the  experiments  with  the  spirit  of  nitre  it  was  foimd  that  this  acid 
was  "  capable  of  a  kind  of  congelation,  in  which  the  whole,  and  not  merely 
the  watery  part,  freezes. ' '  The  freezing  point '  *  also  differs  greatly  according 
to  the  strength  and  varies  according  to  a  very  unexpected  law."  The  acid, 
like  water,  may  be  supercooled  without  soUdification :  white  crystals  are 
formed  on  soUdification  which  are  heavier  than  the  still  liquid  portion. 

The  difference  indeed  is  so  great,  that  in  one  case  where  it  froze  into  solid 
crystals  on  the  surface,  these  crystals,  when  detached  by  agitation,  fell  with 
force  enough  to  make  a  tinkling  noise  against  the  bottom  of  the  glass. ...  It  is 
this  contraction  of  the  acid  in  freezing  which  makes  the  frozen  part  subside  in 
the  fluid  part;  as  it  was  fomid,  in  the  undiluted  acid,  that  the  latter  [the  fluid 
part]  consisted  of  a  stronger  and  consequently  heavier  acid  than  the  former  [the 
frozen  part].  But  still  the  subsidence  of  the  frozen  part  shows  that  the  ice  [the 
frozen  part]  is  not  mere  water,  or  even  a  very  dilute  acid;  which  indeed  was 
proved  by  the  examination  of  the  liquors  sent  home. 

Neglecting  the  observations  with  the  "dephlogisticated  spirit  of 
nitre,"  owing  to  the  uncertainty  as  to  its  real  composition,  and  confining 
our  attention  to  the  "common  spirit  of  nitre"  the  results  are  thus  sum- 
marised by  Cavendish : 

strength  Freezmg  point 

Conunon  spirit  of  nitre        .0'54  —  31  J°  F.  (—  35-3°  C.) 

0-4II  -    I  J°  F.  (- i8-6°  C.) 

The  first  corresponds  fairly  closely  as  regards  strength  and  freezing 
point  with  the  acid  N(0H)5  or  HNO3  .  2H2O,  which  according  to  Erdmann 
{Zeitsch,  Anorg.  Chem.  1902,  32.  431)  crystaUises  in  needles  melting  at 
—  35°  C.  The  strength  of  the  acid  does  not  correspond  with  that  of  the 
monohydrate  which  is  said  to  freeze  at  —  38°  C.  The  second  would  seem 
to  be  identical  with  the  trihydrate  HNOg .  3H2O,  which  according  to 
Pickering  [Chem.  Soc,  Trans,  1893,  63.  436)  melts  at  — 18-2°  C.  and  accord- 
ing to  Kiister  and  Kremann  (Zeitsch.  anorg.  Chem.  1904, 41.  i)  at  —  i8-5°  C. 
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The  trihydrate  may  be  formed  by  adding  show  little  by  little  to  the  cooled 
acid  so  long  as  a  rise  of  temperature  is  noted,  The  maximum  point 
observed  was  —  ij°  F.  [—  18-5°  C.]. 

The  snow  did  not  appear  to  dissol\'e,  but  formed  thin  white  cakes,  which 
however  did  not  float  on  the  surface,  but  fell  to  the  bottom,  and  when  broke  by 
the  spatula  formed  a  gritty  sediment ;  so  that  it  appears,  that  these  cakes  are 
not  simply  undissolved  snow,  but  that  the  adjoining  acid  absorbed  so  much  of 
the  snow  in  contact  with  it  as  to  become  diluted  sufficiently  to  freeze  with  that 
degree  of  cold  and  then  congealed  into  these  cakts.  The  quantity  of  congealed 
matter  seems  to  have  kept  increasing  till  the  end  of  the  experiment. 

From  the  minute  description  he  gives  "of  the  phenomena  observed  on 
mixing  snow  with  the  acid"  there  can  be  no  doubt  that  he  also  obtained 
the  cryohydrate  Ice  +  HNOg-aH^O.  or  HNO3.3H1O  +  HNO3.  HjO,  the 
melting  points  of  which  (—  43°  C.  and  —  42°  C.)  agree  closely  with  that 
noted  by  him,  viz.  -  45^°  F.  (-  42-9°  C). 

From  these  experiments  it  appears  that  spirit  of  nitre  is  subject  to  two  kinds 
of  congelation,  which  we  may  call  the  aqueous  and  spirituous;  as  in  the  first  it  is 
chiefly,  if  not  intirely,  the  watery  part  which  freezes,  and  in  the  latter  the  spirit 
itself.  Accordingly,  when  the  spirit  is  cooled  to  the  point  of  aqueous  congelation, 
it  has  no  tendency  to  dissolve  snow  and  produce  cold  thereb)',  but  on  the  contrary 
is  disposed  to  part  with  its  own  water;  whereas  its  tendency  to  dissolve  snow  and 
produce  cold,  is  by  no  means  destroyed  by  being  cooled  to  the  point  of  spirituous 
congelation,  or  even  by  being  actually  congealed.  When  the  acid  is  excessively 
dilute,  the  point  of  aqueous  congelation  must  necessarily  be  very  httle  below  that 
of  freezing  water;  when  the  strength  is  -21  it  is  at  —  17°,  and  at  the  strength  of 
•243  it  seems  from  Art,  16  to  be  at  -  44"! .  Spirit  of  nitre,  of  the  foregoing  degrees 
of  strength,  is  liable  only  to  the  aqueous  congelation,  and  it  is  only  in  greater 
strengths  that  the  spirituous  congelation  can  take  place.  This  seems  to  be  per- 
formed with  the  least  degree  of  cold,  when  the  strength  is  ■411  in  which  case  the 
freezing  point  is  at  —  1°^ .  When  the  acid  is  either  stronger  or  weaker,  it  requires 
a  greater  degree  of  cold-;  and  in  both  cases  the  frozen  part  seems  to  approach 
nearer  to  the  strength  of  -411  than  the  unfrozen  part;  it  certainly  does  so  when 
the  strength  is  greater  than  -411.  and  there  is  httle  doubt  but  what  it  does  so  in 
the  other  case.  At  the  strength  of  -54,  the  point  of  spirituous  congelation  is 
—  31°^  and  at  -33  probably  —  45°J;  at  least  one  kind  of  congelation  takes  place 
at  that  point,  and  there  is  httle  doubt  but  that  it  is  of  the  spirituous  kind.  In 
order  to  present  this  matter  more  at  one  view,  I  have  added  the  following  table 
of  the  freezing  point  of  common  spirit  of  nitre  answering  to  different  strengths: 


Strength 
•54 


•411 
•38 


Freezing  point 
spirituous  congelation 


-31!' 

-45i 
-44l 
-17 
'  The  point  of  easiest  freezing. 


iqueous  congelation 
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From  the  conditions  under  which  these  experiments  were  made  they 
axe  necessarily  not  of  a  very  high  degree  of  accuracy;  thus  Cavendish  had 
to  calculate  the  degree  of  dilution  of  the  acid  in  one  or  two  cases  from  the 
weight  of  snow  Mr  McNab  added,  and  this  obviously  could  only  be 
approximately  known.  It  seemed  however  worth  while  to  compare  the 
results  with  those  obtained  independently  by  Pickering  and  Kiister  and 
Kremann,  representing  them  in  the  form  of  curves  so  far  as  the  observa- 
tions are  comparable.  The  general  character  of  the  curves  is  strikingly 
similar.  An  examination  of  the  Phil,  Trans,  paper  of  1786  and  of  the 
subsequent  one  in  1788  leaves  little  room  for  doubt  that  Cavendish  was 
actually  the  first  to  indicate  the  existence  of  these  particular  hydrates  of 
nitric  acid. 

Observations  were  then  made  upon  the  vitrioUc  acid.  Strong  oil  of 
vitriol  (sp.  gr.  1*8437  ^^  60°  F.  =  97  per  cent,  strength)  froze  "to  the 
colour  and  consistence  of  hog's-lard,"  contracting  on  solidification.  It  was 
not  completely  melted  until  the  temperature  rose  to  20°  F.  (—6-6°C.). 
According  to  Pictet  and  Knietsch  pure  (100  per  cent.)  H2SO4  melts  at 
10°  C.  The  difference  is  due  to  the  slight  quantity  of  water  in  Cavendish's 
acid.  He  points  out,  as  already  observed  by  the  Due  d'Ayen  and  De 
Morveau,  that  sulphuric  acid  "freezes  with  a  less  degree  of  cold  when 
strong  than  when  much  diluted."   Nevertheless 

it  is  not  certain  whether  it  has  any  point  of  easiest  freezing,  like  spirit  of  nitre, 
or  whether  the  cold  required  to  freeze  it  does  not  continually  diminish  as  the 
strength  increases,  without  limitation ;  but  the  latter  opinion  is  the  most  prob- 
able. 

Cavendish's  "points  of  easiest  freezing"  correspond  to  the  points  of 
inflection  in  the  curves  shown  on  plotting  his  results.  As  will  be  seen 
subsequently  he  found  reason  to  modify  this  opinion:  further  experiments 
showed  that 

oil  of  vitriol  has  not  only  a  strength  of  easiest  freezing,  but  that  at  a  strength 
superior  to  this,  has  another  point  of  contrary  flexure  [the  expression  is  Caven- 
dish's], beyond  which,  if  the  strength  be  increased,  the  cold  necessary  to  freeze 
it  again  begins  to  diminish. 

He  seems  to  have  suspected  that  the  observations  in  the  present  paper 
might  possibly  be  affected  by  the  formation  of  what  was  known  as  glacial 
oil  of  vitriol  (Nordhausen  acid). 

It  appears  also,  both  from  Art.  21  and  from  M.  De  Morveau's  experiment, 
that  during  the  congelation  of  the  oil  of  vitriol,  some  separation  of  its  parts  takes 
place,  so  that  the  congealed  part  differs  in  some  respect  from  the  rest,  in  conse- 
quence of  which  it  freezes  with  a  less  degree  of  cold;  and  as  there  is  reason  to 
think  from  Art.  21  that  these  two  parts  do  not  differ  much  in  strength,  it  seems 
as  if  the  difference  between  them  depended  on  some  less  obvious  quality,  and 
probably  on  that,  whatever  it  is,  which  forms  the  difference  between  glacial  and 
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cCBiiinon  oil  of  vitriol.  The  oil  of  vitriol  prepared  from  green  vitriol,  has  sometimes 
been  obtained  in  such  a  state  as  to  remain  constantly  congealed,  except  when 
exposed  to  a  heat  considerably  greater  than  that  of  the  atmosphere,  whence  it 
acquired  its  name  of  glacial.  It  is  not  known  indeed  upon  what  this  property 
depends,  but  it  is  certainly  something  else  than  its  strength ;  for  oil  of  vitriol  of 
this  kind  is  always  smoking,  and  the  fumes  it  emits  are  particularly  oppressive 
and  suffocating,  though  very  different  from  those  of  the  volatile  sulphureous 
acid  [sulphur  dioxide].  On  rectification  hkewise  it  }'ields,  with  the  gentlest  heat. 
a  peculiar  concrete  substance,  in  the  form  of  saline  crystals  [sulphur  trioxide] ; 
and  after  this  volatile  part  has  been  driven  off,  the  remainder  is  no  longer 
smoking,  and  has  lost  its  glacial  character. 

The  mixture  of  oil  of  vitriol  and  spirit  of  nitre  when  mixed  with  snow 
was  found  to  offer  no  advantages  over  oil  of  vitriol  alone  and  no  phenomena 
of  importance  were  noticed  concerning  it.  Cavendish  contents  himself 
with  the  remark :  "  as  the  Society  will  most  likely  have  less  curiosity  about 
the  disposition  to  freeze  of  this  mixture  than  of  the  simple  acids,  I  shall 
spare  tlie  particulars." 

Nor  did  the  experiments  with  spirits  of  wine  afford  any  very  definite 
information.  The  snow  seemed  to  be  dissolved  much  less  readily  by  spirits 
of  wine  than  by  nitric  and  sulphuric  acids  and  no  great  degree  of  cold 
could  be  produced  by  its  addition. 

Cavendish  was  well  aware  that  several  questions  might  be  raised  con- 
cerning which  his  experiments  afford  no  adequate  answer.  "But,"  he  says, 
"as  this  would  lead  me  into  disquisitions  of  considerable  length,  without 
my  being  able  to  say  anything  very  satisfactory  on  the  subject,  I  shall 
forbear  entering  into  it." 

Nevertheless  he  was  not  content  to  remain  satisfied  with  his  work  and 
Mr  McNab  was  commissioned  to  institute  further  experiments. 

As  some  of  these  properties  were  deduced  from  reasoning  not  sufficiently  easy 
to  strike  the  generality  of  readers  with  much  conviction,  Mr.  McNab  was  desired 
to  try  some  more  experiments  to  ascertain  the  truth  of  it. 
Fresh  samples  of  acids  of  different  strengths  were  sent  out  to  him  with  a 
new  set  of  instructions. 

He  was  desired  to  expose  each  of  these  liquors  to  the  cold  till  they  froze; 
then  to  try  their  iemperature  by  a  thermometer;  afterwards  to  keep  them  in 
a  warm  room  till  the  ice  [the  soUd  portion]  was  almost  melted,  and  then  again 
expose  them  to  the  cold,  and  when  a  considerable  part  of  the  acid  had  frozen,  to 
try  the  temperature  a  second  time ;  then  to  decant  the  unfrozen  part  into  another 
bottle,  and  send  both  parts  back  to  England,  that  their  strength  might  be  ex- 
amined.. .  -The  intent  of  decanting  the  fluid  part,  and  sending  both  parts  back, 
that  their  strength  might  be  determined,  was  partly  to  examine  the  truth  of  the 
supposition  laid  down  in  my  former  Paper,  that  the  strength  of  the  frozen  part 
approaches  nearer  to  -411  than  that  of  the  unfrozen;  but  it  is  also  a  necessary 
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step  towards  determining  the  freezing  point  answering  to  a  given  strength  of 
the  acid;  for  as  the  frozen  part  is  commonly  of  a  different  strength  from  the 
unfrozen,  the  strength  of  the  fluid  part,  and  the  cold  necessary  to  make  it  freeze, 
is  continually  altering  during  the  progress  of  the  congelation.  In  consequence  of 
this,  the  temperature  of  the  liquor  is  not  that  with  which  the  frozen  part-  con- 
gealed; but  it  is  that  necessary  to  make  the  remainder,  or  the  fluid  part,  begin 
to  freeze,  or,  in  other  words,  it  is  the  freezing  point  of  the  fluid  part.  This  is 
the  reason  that  a  thermometer,  placed  in  spirit  of  nitre,  continually  sinks  diuing 
the  progress  of  congelation ;  which  is  contrary  to  what  is  observed  in  pure  water, 
and  other  fluids  in  which  no  separation  of  parts  is  produced  by  freezing. 

The  results  of  this  second  series  of  observations  were  communicated  by 
Cavendish  to  the  Royal  Society  in  1788  and  are  printed  in  Phil,  Trans. 
78.  166  under  the  title  of  '*  An  Account  of  Experiments  made  by  Mr.  John 
McNab,  at  Albany  Fort,  Hudson's  Bay,  relative  to  the  Freezing  of  Nitrous 
and  Vitriolic  Acids."  From  the  results  of  these  observations  Cavendish 
deduces  the  following  table  showing  the  freezing  point  of  aqueous  solutions 
of  nitric  acid  of  various  strengths: 


Strength 

Freezing  point 

•561 

-  4I-6''  F. 

•445 

-    3-8 

.390 

-    4 

•353 

—  II 

•343 

-138 

•310 

-23 

•276 

-40-3 

By  interpolation  from  these  data,  according  to  Newton's  method  (Princip. 
Math.  Lib.  3,  prop.  40,  lem.  5)  it  appears  that  the  strength  at  which  the  acid 
freezes  with  the  least  cold  is  -418,  and  that  the  freezing  p)oint  answering  to  that 

strength  is  —  2^° These  experiments  confirm  the  truth  of  the  conclusions 

I  drew  from  Mr.  McNab's  former  experiments;  for,  first,  there  is  a  certain  degree 
of  strength  at  which  spirit  of  nitre  freezes  with  a  less  degree  of  cold  than  when 
it  is  either,  stronger  or  weaker;  and  when  spirit  of  nitre,  of  a  different  strength 
from  that,  is  made  to  congeal,  the  frozen  part  approaches  nearer  to  the  foregoing 
degree  of  strength  than  the  unfrozen.  Likewise  this  strength,  as  well  as  the 
freezing  point  corresponding  thereto,  and  the  freezing  point  answering  to  the 
strength  of  -54  come  out  very  nearly  the  same  as  I  concluded  from  those  experi- 
ments; for  by  the  present  experiments  they  come  out  '418,  —  2^**  and  —  31"*, 
and  by  the  former  '411,  —  i^**  and  —  31®. 

If  these  observations  are  plotted,  the  strengths  of  the  add  being 
expressed  in  terms  of  molecular  percentages,  it  will  be  found  that  the 
character  of  the  curve  is  identical  with  that,  over  the  same  range,  represent- 
ing the  values  obtained  by  Pickering  (Chem.  Soc,  Trans.  1893,  63.  436)  and 
by  Kiister  and  Kremann  (Zeitsch.  anorg.  Chem.  1904,  41.  i).  The  points  of 
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"contrary  flexure,"  as  Cavendish  calls  them,  occur  at  substantially  the 
same  temperatures  and  the  corresponding  strengths  are  not  very  dis- 
similar. Cavendish  found  the  substance  crystallising  at  —  iS'S"  C.  to  con- 
tain, as  the  mean  of  the  two  determinations  of  strength,  52-3  per  cent,  of 
nitric  acid.  The  trihydrate  which  crystallises  at  -  i8'5°C.  contains  53-9  per 
cent.  The  coupled  hydrate  HNO3 .  ^Hfi  +  HNO3  .  HaO,  said  to  melt  at 
-  42°  C,  has  the  same  composition  as  the  acid  N(0H)5  which  according 
to  Erdmann  (Zeitsck.  anofg.  Chem.  1902,  32.  431)  crystallises  in  needles 
melting  at  -  35°  C.  and  contains  63-6  per  cent.  HNOa, 

In  the  interval  between  the  publication  of  Cavendish's  first  and  second 
papers  on  freezing  mixtures,  the  subject  of  the  freezing  points  of  aqueous 
solutions  of  sulphuric  acid  had  been  attacked  by  Keir,  a  chemical  manu- 
facturer living  near  Birmingham,  a  friend  of  Priestley,  and  a  Fellow  of 
the  Royal  Society,  who  contributed  a  paper  "On  the  Congelation  of  the 
Vitriolic  Acid"  to  the  Phii.  Trans.  77.  267.  Koir,  from  experiments  made 
during  the  severe  frost  of  1784-5, 
was  led  to  believe  that  there  must  be  some  certain  strength  at  wliich  the  vitriolic 

add  was  more  disposed  to  freeze  than  at  any  other,  greater  or  less I  have 

found  that  the  point  of  strength  most  favourable  to  congelation  is  very  deter- 
minate, and  that  a  very  small  variation  above  or  below  that  point  renders  the 
acid  incapable  of  freezing  without  a  considerable  augmentation  of  cold. 
The  sulphuric  acid  of "  easiest  freezing  "  was  found  by  Keir  to  have  a  density 
of  1-78,  and  the  freezing  and  melting  points  of  the  acid  were  identical,  viz. 
46'F.  (7-8-C.). 

These  numbers  agree  with  those  subsequently  found  by  Lunge  {Ber.  14, 
1881,  2649)  and  by  Knietsch  {Ber.  34.  1901.  4069).  Mr  McNab's  experi- 
ments confirmed  Keir's  observations.  From  his  experiments  "it  would 
seem,"  says  Cavendish,  "  that  the  freezing  point  of  oil  of  vitriol,  answering 
to  different  strengths,  is  nearly  as  annexed"  : 

strength  Freeing  point 

■977  +    i-F. 

■918  -  26° 

•846  +  42° 

758  -  45° 

From  hence  we  may  conclude,  that  oil  of  vitriol  has  not  only  a  strength  of 
easiest  freezing,  as  Mr  Keir  has  shown;  but  that,  at  a  strength  superior  to 
this,  it  has  another  point  of  contrary  flexure,  beyond  which,  if  the  strength  be 
increased,  the  cold  necessary  to  freeze  it  again  begins  to  diminish. 

The  strength  answering  to  this  latter  point  of  contrary  flexure  must  in  all 
probability  be  rather  more  than  -918.  as  the  decanted  or  unfrozen  part  of  No.  2 
seemed  rather  stronger  than  the  undecanted  part;  and  for  a  like  reason  the 
strength  of  easiest  freezing  is  rather  more  than  -846. 

As  already  stated,  the  "strengths"  of  the  acid  solutions  express  the 
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wei^'ht  c)f  marble  \vhi<  li  i  part  by  wvi^ht  of  the  liquid  is  theoretic^y 
capablr  c»f  (li»iilvinj4.  A-^  a  inatti-r  df  fact.  Cavendish,  in  the  case  ■■'. 
sulphuric  add  ><)lutioii^, 

ilid  not  find  tluir  >tniii:ili  by  a' tually  trying  how  much  marble  thrv  ^x^: 
diss<il\r;  as  that  mnlnMl  [^  tini  un' ••rtaiii.  f»n  account  of  the  selenite  Cukiur: 
sulph.itc^  fiinnt'I  in  thf  <ip<i:tti(>ii.  and  which  in  gcKxl  measure  defends  tie 
inarl)Ii'  fpim  th»'  .i'  ti"n  «•!  tin-  a'  iil.  1  hi-  method  I  ust*d  was.  to  find  the  weiphtr-: 
tilt' phiinbum  \  iiii«>l.iiiim  'Ir.id  sulphate^  fiirm<-d  by  tht*  addition  of  sugar  of  Iea<:. 
and  (rum  th«'ii«  •  t>>  •  '»inp\itr  ihi  -tnni;!}i.  i-n  the  supposition  that  a  quantit}Gi 
oil  of  vitriol,  Mittp  !■  nt  !i«  priiilu*  •  i«»«i  p.'rts(»f  phinibum  vitriolatum.  willdissohr 
,5,5  nf  inarbh';  as  I  fi«\i!i.|  bv  «  xp«  Min«  nt  that  m»  much  oil  of  vitriol  would  satuntt 
as  mu<  li  tixi-d  alk.th  a^  a  tpiintitN  <it  nitii'iis  arid  [nitric  acid]  sufficient  tc 
disNolvr    ;  I  ••!  ni.nblf. 

This  i*>tiinatii>ii  by  ("a\tiidi-h  that  i'x>  parts  of  lead  sulphate  maybe 
ppKlure-d  fr'»ni  a^  niM«  h  i»il  of  \itii"l  a-,  wnuld  br  equivalent  to  33  parts  of 
iiKirblr,  tliai  i>,  tli.it  nH»  «•!  !•  ac|  -ulpli.itf  an-  npiivalent  to  23  of  marUe, 
is  j)frfr(;tly  at«'iii;itr. 

\\V  arc  MOW  in  a  position  tn  -M-r  h-iw  far  snl)sequent  U'ork  confinns 
Cavciidisli's  nb^i  iwitjun-.  ( )t  nii»il«  in  nb'-rrvatiiMis  the  most  accurate  are 
prnbably  thusmi  Kni-  Im  h  ilnr.  \\.  iwi.  p >'")).  The  following  table  con- 
tains the  re>nlts  ^t  thi-  ennipaii>«in.  s'»  tar  a^  it  is  applicable: 


(  .1- 

■     !!*ll-ll 

Kiiii" 

tsch 

Slii'ni;ih 

^'>., ',■•<■ 

M  r 

S< »,  J. 

c. 

M.P. 

■''77 

7-^i 

K  -'  ■ 

7'^ 

-   16^-5  C. 

•i)lS 

rr3 

• »  » • 

7-4 

-  25" 

•S^h 

'7 

n 

'■7 

i     S"" 

•75'^ 

f.i 

4J  -s 

^1 

bflfiw 

-40^ 

('nnsiderin/^'  the  ein  iim-tan<  r^.  it  i.-^  nntliiiii^  short  of  marveUoiis  that 
(.avendisli  shtjuld  havr  -^n(  ( «»(|rd  in  .l:«  ttin.Li  n>nlts  so  closely  approxi- 
mating^ t<»  the  tiutli.  lb-  nnt  nnl\-  <|.  ttrmimd  tlie  points  of  "easiest 
freezing'"  an<l  <»t  "«()ntraiy  llrxMn"  with  ]>re<  ision.  ])Ut  his  estimations  of 
the  corre>|)ondin.i^'  >tren.!^tlis  an<l  tmiprr.itun's  an  a  remarkable  testimony 
to  his  skill  and  aeenraey  of  wnik.  in  >pitr  <»f  his  limited  means  and  the 
imperft.'ctioiis  of  his  ai>i)liaTieis. 

It  would  apjM'ar  from  the  absence  nf  all  reft-P-nn-  to  it  on  the  part  of 
later  obs(TVCTs  that  (axendish's  work  on  tlie  fne/in^'  of  aqueous  solutions 
of  nitric  and  sulphuri<:  acid  was  either  unkiKJwn  to  them  or  that  its 
significance  was  not  recr)f,mised. 

As  regards  the  reasr^iing  by  which  Cavendish  deduced  the  "strengths" 
of  his  acid  solutions,  Dr  Wilson  has  already  |)<>inted  out  that  he  was  not  only 
cognisant  of  what  we  now  know  as  the  '*law  of  constant  proportion,"  and 
acted  upon  it,  but  in  the  special  case  cited,  he  was  i)raetically  applying  also 
the  "law of  reciprocal  proportion,"  thus  showing  that  although  theprincipl 
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underlying  these  laws  were  not  actually  formulated,  they  were  clearly 
recognised  by  him  as  at  the  basis  of  all  quantitative  analytical  work.  If  he 
had  only  pursued  the  path  of  inquiry  which  this  recognition  opened  up  we 
might  not  have  had  to  wait  twenty  years  for  the  promulgation  of  the  new 
departure  we  associate  with  the  name  and  fame  of  Dalton, 

Cavendish  was  now  in  his  fifty-seventh  year.  Chemical  inquiry  con- 
tinued to  interest  him,  as  may  be  proved  by  notes  among  his  Mss..  but  he 
published  no  further  contributions  towards  it.  It  has  been  surmised  that 
the  revolution  effected  by  Lavoisier  and  his  foilfiwers  repelled  him  from  its 
further  prosecution.  There  would  seem  to  be  no  adequate  ground  for  this 
supposition.  Biased  as  he  might  be  towards  Stahl's  doctrine,  he  was  not 
so  prejudiced  as  to  neglect  the  study  of  chemical  phenomena  because  of  its 
seeming  insufficiency  to  explain  them.  Such  an  assumption  would  be 
wholly  opposed  to  what  we  know  to  be  his  character  as  a  natural 
philosopher.  At  no  period  of  his  activity  as  an  experimentalist  was  his 
energy  entirely  absorbed  by  chemical  pursuits.  His  published  work,  and 
still  more  his  unpublished  manuscripts,  show  that  meteorology,  astronomy, 
electricity,  heat,  .geology,  geodesy,  mathematics — in  fact  nearly  every 
branch  of  natural  science  known  in  his  time — in  addition  to  chemistry — 
attracted  him,  and  he  seemed  to  turn  from  one  to  the  other  with  equal 
zeal  as  their  several  problems  interested  him. 

In  1790  he  communicated  a  paper  "On  the  Height  of  the  Luminous 
Arch  that  was  seen  Feb.  23,  1784,"  to  the  Royal  Society  which  is  printed 
in  Phil.  Trans.  80.  loi.  The  measurements  were  based  upon  observations 
of  an  aurora  made  almost  simultaneously  by  the  Rev.  F.  J.  H.  Wollaston 
at  Cambridge,  the  Rev,  B.  Hutchinson  at  Kimbolton,  and  Mr  J.  Franklin 
at  Blockley  in  Worcestershire  {Phil.  Trans,  go.  43-46)  and  communicated 
to  the  Royal  Society  in  1786.  It  would  appear  from  Professor  Loomis's 
paper  in  Siiliman's  Journ.  1S73  that  manifestations  of  the  aurora  were  par- 
ticularly frequent  at  about  this  period.  After  discussing  and  correcting  the 
data.  Cavendish  calculates  from  the  geographical  position  of  the  places  of 
observation  that  the  height  of  the  aurora  "could  hardly  be  less  than  52 
miles,  and  is  not  likely  to  have  much  exceeded  71."  Many  like  calculations 
made  since  Cavendish's  time  have  given  similar  results,  and  the  estimates 
of  Dalton,  Backhouse,  H.  A.  Newton.  Alex.  S.  Herschel  and  others  point 
to  values  of  the  same  order  as  that  found  by  Cavendish,  With  reference  to 
this  paper  Dr  Chree,  F.R.S,,  of  the  Kew  Observatory,  writes  as  follows: 


There  is  a  very  full  historical  discussion  of  ideas  on  Aurora  by  the  late  Prof. 
Cleveland  Abbe  in  Terrestrial  Magnetism,  Vol.  3  (1898)  in  three  parts,  p.  5,  p.  53 
and  p.  149.  The  lirst  name  he  gives  is  Halley  (Phil.  Trans.  1716)  but  does  not 
say  he  calculated  heights.  The  first  names  he  gives  as  calculators  are:  Mairan, 
TraiU  de  I'Aurore  Boreale,  Paris  1731  to  1733;  Maier,  St  Petersburg  read  1728, 
published  1735.   He  also  (p.  12)  refers  to  the  work  by  Cavendish  (Phil.  Trans. 
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1790)  3es  quoted  by  Dt  TbGcas  Yocng.  Abbe  again  refers  on  p.  54  to  Cavcoffish 
in  coimectioD  with  xht  fact  that  his  vkirs  appeared  unknown  to  Dahon  wbcn 
caknlating  anrorzl  bogLts  in  1791  and  1703. 

CavendEh's  hpight  seexES  more  in  acxordance  WTth  present  ideas  than  those 
given  by  Mairan  and  MaxF.  Cavciidish's  method  seems  prshcticalhr  that  nsed  by 
ProL  St^rmer  of  Chxistsaida.  now  the  leading  authority  on  the  sobiect.  St#rmer 
was  the  6rst  mho  maxia^ed  to  photograph  auroras.  He  takes  amnltaneoos 
fjixtoenpbs  hva  xht  ezxis  of  a  base  (say  25  kitometies  kng).  The  photogra{^ 
inrhidfs  stars  as  veH  as  asrora.  and  the  relative  poations  of  the  aurora  among 
the  stars  from  the  tvc  ends  of  the  base  give  the 

pa^Tla-r    FroBQ  fiK?  B  of  the  base  the  aurora  A  '3 

IS  seen  in  directkc  of  star  ^,  from  the  other  end 
C  it  is  seen  in  dzrectko  of  star  a.  The  an^  oB^ 
(or  4C^;  is  kncfmn  from  astrocomical  data,  and 
hence  tie  p^nl^^kx  anck  R-IC  This  I  fanc>-  is 
how  Cavendish  actralh- worked  it  out-  The  onh' 
difference  is  that  tl:e  apparent  star  positions  of 
the  aurora  w«e  observ-td  and  not  at  absohiteh- 
identical  times,  tht  mssumptuym  being  made  that  the  arch  rteiained  stati(mar>' 
which  may  not,  of  ojorse,  have  been  true).  Cavendish  seems  to  ha\^  had  more 
critical  \iews  upon  questions  of  perspectrv  e  and  other  uncertainties  than  his 
predecessors,  and  though  I  should  hardh'  regard  the  paper  as  an  epoch-making 
one  it  seems  deserving  of  attention  in  any  compendious  treatment  of  Ca\'endish's 
writings. 

Stunner  in  his  eartier  work  got  aurora  as  low,  I  think,  as  40  kms.  In  his  more 
recent  work  he  gets  a  great  number  of  heights  of  90  to  under  100  kms.  and  less 
numerous  instances  of  heights  up  to  se\'eral  hundred  kms.  Thus  the  height 
Cavendish  got  is  of  the  same  order  as  the  heights  Stunner  gets  as  usual  for  the 
lower  borders  of  Aurora. 

With  r^ard  to  Professor  Abbe's  reference  to  Dalton's  supposed 
ignorance  of  Cavendish's  prior  work,  we  read  in  the  First  Edition  (1793)  of 
the  Meteorological  Essays,  p.  155 : 

A  very  moderate  skill  in  optics  was  sufl&cient  to  con\-ince  the  author  [Dalton], 
that  as  the  luminous  beams  at  all  places  appear  to  tend  towards  one  point  about 
tht  zenith,  the\'  must  in  reality  be  straight  beams,  parallel  to  each  other,  and 
nearly  perpendicular  to  the  horizon ;  and  from  the  appearance  of  their  breadth, 
thev  must  be  cvlindrical. 

To  this  sentence  there  is  a  footnote.  "The  author  did  not  see  before 
May  1793,  the  Philosophical  Transactions  for  1790  in  which  he  finds  this 
idea  is  suggested  by  H.  Cavendish,  Esq.,  F.R.S.  and  A.S." 

The  following  letter  from  his  younger  brother  Frederick,  foimd  among 
Cavendish's  papers,  may  be  worth  reproduction,  as  evidence  of  their  joint 
interest  in  its  subject-matter,  and  as  throwing  a  little  light  upon  their 
personal  relations,  referred  to  in  Wilson's  Life, 


The  Civil  Tear  of  [he  Hindoos 


69 


Market  Street 
Dear  Brother,  Wed.  M„.  1st  1780. 

As  I  know  you  observe  the  Aurora  Borealis  with  much  attention,  I  send 
you  an  account  of  one  which  appeared  last  Night,  and  which  in  some 
respects  was  the  most  remarkable  I  have  known.  It  had  the  most  perfect 
Corona  I  ever  beheld,  with  Radii  streaming  down  on  all  sides,  and  over- 
spreading tiie  wlwle  Hemisphere.  The  Corona  was  situated  almost  close  to 
the  hinder  foot  of  Ursa  Major,  very  near  to  the  two  stars  n^  and  t  ;  but 
rather  on  that  side  which  is  nearest  to  the  Stars  ^  and  ^  and  in  Line  with 
them.  The  Aurora  was  of  a  pale  colour,  tho'  I  am  inform'd  that  before 
I  observ'd  it,  the  Sky  was  very  Red  in  the  Eastern  quarter  (as  describ'd 
to  me)  sometimes  in  a  Flush,  and  sometimes  darting  up  the  Heavens,  and 
I  myself  occasionally  observ'd  a  Flush  of  Red,  in  the  West,  and  in  other 
directions;  'tho  it  was  not  the  general  tenour  of  its'  appearance.  It  was  a 
little  tremulous  in  its'  motion,  by  no  means  darting  quick,  as  I  have  some- 
times observ'd  it;  but  varying  its  Figiu^e  sometimes,  and  sometimes  dis- 
appearing. The  Situation  of  the  Corona  was  always  the  same,  its'  Radii 
always  concentering  in  the  same  Point.  Sometimes  the  Space  within  the 
Corona  was  pretty  clear;  at  other  times  fiU'd  nearly,  with  irregular  Streams 
of  luminous  matter,  hurried  confusedly  together,  darting  quick,  and  again 
instantly  disappearing. 

It  was  near  lo  o'clock  when  I  first  perceiv'd  it  (it  had  been  observ'd 
by  others,  an  hour  or  two  sooner)  but  it  disappearing  soon  after,  I  did  not 
attend  to  it,  'till  looking  at  the  Thermometer  a  little  before  I2  o'clock, 
I  found  the  Aurora  exceeding  bright.    I  accordingly  took  my  Plan  of  the 
Stars,  in  order  to  determine  the  precise  situation  of  the  Corona.   I  attended 
to  it  for  near  an  hour,  and  am  certain  as  to  the  Situation  I  have  describ'd. 
Give  my  Duty  to  my  Father.   I  hope  ye  are  both  in  good  Health. 
I  am  your  affectionate 
Brother 
Frederick  Cavendish. 
Honble  Henry  Cavendish 

at  Lord  Charles  Cavendish's 
Great  Marlborough  Street 
London 

At  the  foot  of  this  letter  Henry  Cavendish  has  written 

.   .         f  T  about      Of    .  at  12  o'clock. 
Azmi.      )  II   East 

Alt,  0  about  85°.  All  4  Stars  nearly  in  the  same  vertical  circle. 

In  1792  Cavendish  contributed  a  short  paper  to  the  Royal  Society  "On 
the  Civil  Year  of  the  Hindoos,  and  its  Divisions,"  which  is  printed  in 
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Vol.  82,  1792,  of  the  Philosophical  TransacHafis.  This  paper  is  now, 
doubtless,  only  of  historical  value,  but  to  the  biographer  of  Cavendish  it  is 
not  without  significance  as  evidence  of  its  author's  catholicity  and  the 
wide  range  of  his  studies  and  interests.  Dr  E.  Denison  Ross,  of  the  Schod 
of  Oriental  Studies,  was  good  enough  to  consult  Dr  Bamett  of  the  British 
Museum  concrrning  its  nierits  as  a  contribution  to  our  kno^dedge  of  Indian 
chronology.  Having  regard  to  the  date  of  its  appearance,  Dr  Bamett  writes 
that  on  the  whole  "it  marks  a  distinct  advance."  There  are,  he  adds, 
"naturally  errors  in  it,. ..but  he  is  on  the  right  way,  and  pursaes  it 
intelligently." 

In  the  Philosophical  Transactions  for  1797  appears  a  paper  by  Mendcna 
y  Kios  (Vol.  .S7,  1797.  p.  4j)  rntitled  "  Researches  on  the  Chief  Problems 
of  Nautical  Astronniny.  Vnmx  tht*  French"  in  which  there  is  given  an 
extract  of  a  Utter  fmni  Cavendish  to  the  author,  dated  January,  1795. 
Conccniing  this  pajxr,  and  Cavcn(li>irs  contribution  to  it,  Sir  Frank  Dyson 
the  Astronomer  Royal  rf|^)rts: 

1 1  M-riiis  tliiii  ill  iNn5  vriy  t  l.ilMii.ttr  t;ibhs  wtrr  published  by  Mendoza,  the 
4'\jHiisr.^  hriiij^  paitK  «l«ti,i\Ml  1»\  ^ii  |(»Mj>h  H^inks  and  other  Englishmen 
intrnstcd  in  n;i\ i^Mti<ni.  In  this  uork  no  nffrmcc  is  made  to  Cavendish.  As 
fjir  as  I  can  mc  1m'  did  n«)t  \\^\-  tin-  sut;K*'^tit»ns  put  forward  by  Cavendish,  but 
ad<>i)trd  a  \vln»lly  diffnmt  nutlmd.  Mi  iido/a's  work  had  several  editions;  we 
liiivc  at  the  ( )l)s<'i\  atoiy  tlir  oiii-  of  i,So5  and  onr  published  at  Madrid  in  Z850. 
I  do  not  think  that  ("axrncHsh's  nuthnd  \\as  put  to  practical  use.  He  advocates 
what  looks  at  lust  sif^ht  thi-  hctttr  method,  tuidin;^'  the  apparent  distance  between 
thf  sun  and  a  star  by  a  s^rirs  ot  i  innrtions  to  the  s<)-<'alled  true  distance.  But 
the  calculation,  (»winf;  to  rcfra*  tion  and  cspiM'ially  paralhix,  is  very  complex  and 
the  cornrtions  arc  not  very  small,  (onscipifntly  instead  of  this  difiTerential 
method,  Mi'ndc)za  preferred  tr>  caleulatr  the  apparent  distance  directly  and  his 
procedure  has  been  ^rnerally  follow("d. 

In  1798  appeared  the  famous  memoir  on  "Experiments  to  determine 
the  Density  of  the  Earth"  [Phil.  Trans.  1798,  88.  469)  which,  by  its 
appeal  to  wider  interests,  greatly  enlarged  the  scientific  fame  of  its  author. 
There  is  little  doubt  the  subject  had  been  in  Cavendish's  mind  for  many 
years  previously.  He  had  taken  much  interest  in  Maskelyne's  work  cm 
Schehallien^  and,  as  his  unpublished  papers  show,  had  furnished  memor- 
anda and  calculations  relating  to  it,  as  a  member  of  the  "Committee  of 
Attraction"  of  the  Royal  Society  appointed  "to  consider  of  a  proper  hill 
on  which  to  try  the  experiment,"  to  supervise  generally  the  conduct  of 
the  inquiry,  as  well  as  the  expenditure  of  the  royal  bounty  which  defrayed 
its  cost. 

^  "  An  Account  of  Observations  made  on  the  Mountain  Schehallicn  for  finding  its 
Attraction,"  by  the  Rev.  Nevil  Maskelyne,  B.D.,  F.R.S.,  and  Astronomer  Royal, 
Phil.  Trans.  1775,  65.  p.  500. 
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The  principle  of  the  method  employed  by  Cavendish  was  suggested  by 
his  friend  the  Rev.  John  Michell,  F.R.S.,  Rector  of  Thomhill,  near  Dews- 
bury,  who  also  contrived  an  apparatus  for  carrying  it  into  effect.  Michell', 
who  had  been  a  Fellow  of  Queens'  College,  Cambridge,  was  fourth  in  the 
Tripos  List  for  1748-49  and  was  made  Woodwardian  Professor  of  Geology 
in  1762,  holding  the  office  for  two  years.  He  was  elected  mto  the  Royal 
Society  in  1760,  the  same  year  as  Cavendish,  and  his  signature  apfjears  in  the 
Charter-book  under  that  of  Sir  Joshua  Reynolds  who  was  made  a  Fellow 
in  1761.  He  was  interested  in  astronomy  and  geodesy,  and  made  important 
communications  on  these  subjects  to  the  Philosophical  Transactions.  He 
was  a  good  geometrician  and  skilled  in  the  use  of  instnunents,  and  was  the 
first  to  suggest  the  use  of  Hadley's  quadrant  in  surveying  and  pilotage. 
He  was  also  the  author  of  a  noteworthy  paper  on  the  cause  and  phenomena 
of  earthquakes  (Phil.  Trans.  1760)  and  was  an  acute  and  skilful  geologi- 
cal observer.  "In  his  generalizations,  derived  in  great  part  from  his  own 
observations  on  the  geological  structure  of  Yorkshire,  he  anticipated  many 
of  the  views  more  fully  developed  by  later  naturalists."  (Lyell,  Principles 
of  Geology,  7th  ed.,  p.  43.) 

The  apparatus  devised  by  Michell  for  determining  the  mean  density  of 
the  earth  by  observing  the  attraction  of  small  masses  of  matter  was  based 
upon  a  principle  which  he  had  suggested  and  used  as  far  back  as  1768.  It 
was  subsequently  employed  for  measuring  small  attractions  and  repulsions 
by  Coulomb  with  whose  name  it  is  usually  associated.  Owing  to  Michell's 
other  engagements  its  adaptation  for  measuring  the  density  of  the  earth 
was  not  completed  until  a  short  time  before  his  death  and  no  actual 
observations  were  made  by  him  with  it. 

The  arrangement  came  into  the  possession  of  the  Rev.  Francis  John 
HydeWollaston,  Jacksonian  Professor  at  Cambridge — one  of  the  observers 
who  furnished  Cavendish  with  data  for  his  computation  of  the  height  of  the 
aurora.  As  WoUaston  was  unable  to  make  use  of  it,  he  transferred  it  to 
Cavendish  who  proceeded  to  erect  it,  after  very  considerable  modifications, 
in  an  outhouse  in  his  garden  at  Clapham.  The  principle  of  the  method  con- 
sisted in  measuring  the  angle  of  torsional  deflection  of  a  horizontal  beam, 
suspended  at  the  centre  by  a  long  thin  wire,  and  provided  at  each  extremity 
with  a  small  leaden  ball,  when  a  much  larger  ball  of  the  same  metal  is 
brought  near  so  as  to  attract  it.  The  main  difficulty  of  the  experiment 
consists  in  eliminating  the  various  disturbing  factors  which  interfere  with 
trustworthy  measurements  of  the  torsion  due  to  the  force  of  the  attracting 
masses.  The  sources  of  disturbance  are  due,  partly  to  faults  inherent  in  the 
arrangement  of  the  apparatus,  but  more  especially  to  the  difficulty  of 
securing  absolute  uniformity  in  temperature  and  freedom  from  air  currents. 
From  Cavendish's  account  of  his  experiments  he  would  appear  to  have 
thought  out  pretty  completely  the  theory  of  the  method,  and  to  have 
>  See  short  memoir  by  Sir  A.  Geikie,  191S. 
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striven,  so  fax  as  his  means  permitted,  to  obviate  or  to  correct  for  such 
sources  of  error  as  he  perceived.  In  all  seventeen  series  of  observations  were 
made.    From  the  table  giving  the  results  it  "  appears  "  says  Cavendish 

that  though  the  experiments  agree  pretty  well  together,  yet  the  difiference 
between  them,  both  in  quantity  of  motion  of  the  arm  and  in  the  time  of  vibration, 
is  greater  than  can  proceed  merely  from  the  error  of  observation.  As  to  the 
difference  in  the  motion  of  the  arm,  it  may  very  well  be  accounted  for,  from  the 
current  of  air  produced  by  the  difference  of  temperature;  but  whether  this  can 
account  for  the  difference  in  the  time  of  vibration  is  doubtful.  If  the  ciurent  of 
air  was  regular,  and  of  the  same  swiftness  in  all  parts  of  the  vibration  of  the  ball, 
I  think  it  could  not;  but  as  there  will  most  Ukely  be  much  irregularity  in  the 
current,  it  may  very  likely  be  sufficient  to  account  for  the  difference. 

Two  different  wires  were  used  to  suspend  the  beam. 

By  a  mean  of  the  experiments  made  with  the  wire  first  used,  the  density  of 
the  earth  comes  out  5-48  times  greater  than  that  of  water;  and  by  a  mean  of 
those  made  with  the  latter  wire,  it  comes  out  the  same,  and  the  extreme  differ- 
ence of  the  results  of  the  23  observations  made  with  this  wire,  is  only  -75 ;  so  that 
the  extreme  results  do  not  differ  from  the  mean  by  more  than  -38  or  -^  of  the 
whole,  and  therefore  the  density  should  seem  to  be  determined  hereby,  to  great 
exactness. 

The  "Cavendish  experiment,"  as  it  is  called,  has  been  frequently 
repeated,  viz.  by  Reich  in  1837  and  again  in  1852,  by  Baily  in  1841,  by 
Comu  and  Bailie  in  1872,  by  Boys  in  1894,  by  Braim  in  1894,  by  Eotvos  in 
1896,  and  by  Burgess  in  1901. 

It  is,  of  course,  possible  that  Cavendish's  method,  as,  indeed,  he  points 
out,  may  be  affected  by  some  error,  which,  as  he  says,  "may  perhaps  act 
always,  or  commonly,  in  the  same  direction,"  thus  making  it  desirable  to 
use  different  methods  and  other  instnunents.  Accordingly  attempts  have 
been  made  to  obtain  an  independent  value  by  means  of  the  chemical 
balance.  This  instrument  was  employed  for  this  purpose  by  von  Jolly  of 
Mimich  in  1878-80,  by  Poynting  in  1890,  by  Richarz  and  Krigar-Menzel 
in  1898.  Wilsing,  at  Potsdam,  has  also  made  a  series  of  observations  by 
causing  a  pendulum  i  metre  in  length  armed  at  each  end  with  balls  of 
540  grams  in  weight  to  oscillate  between  moveable  cylinders  weighing 
325,000  grams.  The  values  obtained  by  these  several  experimenters  are  as 
follows:  ■ 

By  the  torsion-balance: 


1798 

Cavendish,  recalculated  by  Baily 

5-45 

1837 

Reich        

5-49 

I84I 

Baily         

5-674 

1852 

Reich        

5-583 

1872 

Comu  and  Bailie 

5-56 

1894 

Boys 

5-527 
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\                1894    Braun        

■■     5-527 

^                 1896    Eotvos      

-    5-55 

iqor     Burgess     

■•    5-44-574 

By  the  chemical  balance: 

1878-80    von  Jolly        

..    5-692 

i8go    Poynting 

..     5-49 

189S     Richarz  and  Krigar-Menzel 

■•     5-505 

By  the  pendulum: 

1886-88    Wilsing           

■■     5-579 

Burgess,  in  a  paper  published  in  the  Pkys.  Rev.  14.  igo2,  pp.  257-264. 
has  given  a  summary  of  the  most  trustworthy  determinations  of  the  mean 
density  of  the  earth  and  calculates  that  the  most  probable  value  is  5-5247, 
which  is  remarkably  close  to  the  concordant  and  independent  values  of 
Boys  and  Braun. 

Hutton's  calculations  from  Maskelyne's  observations  of  the  deviation 
of  the  plumb-line  at  Schchallien  had  shown  that  the  ratio  of  the  density  of 
the  earth  to  that  of  the  mountain  is  as  9  to  5.  From  a  lithological  examina- 
tion of  the  mountain,  Playfair  concluded  that  its  mean  density  was  between 
2'7  and  2-8,  which  gives  about  5  for  the  mean  density  of  the  earth,  a  result 
confirmed  by  the  observations,  in  1856,  of  James  and  Clarke  on  Arthur's 
Seat  (5-3-5-4),  and  of  Mendenhall  on  Fusiyama  in  1S80  {577). 

Although  these  observations  are  of  very  unequal  value,  as  regards 
accuracy  those  obtained  by  the  Cavendish  method  being  the  more  trust- 
worthy, they  are  all  in  remarkable  accordance  with  Newton's  "guess"  that 
the  iuper-stratiun  of  the  Earth  being  about  twice  as  dense  as  the  water,  and  the 
sub-strata  becoming,  in  proportion  to  their  depth,  three,  four,  and  even  five 
times  more  dense,  it  is  probable  that  the  whole  mass  of  the  Earth  is  five  or  six 
times  more  dense  than  if  it  were  formed  of  water'. 

The  last  paper  published  by  Cavendish  was  "On  an  improvement  in 
the  manner  of  dividing  Astronomical  Instruments,"  printed  in  the  Phil. 
Trans,  for  1809,  pp.  221-231 — the  year  before  his  death. 

Edward  Troughton,  the  well-known  mathematical  instrument  maker, 
had  communicated  to  the  Royal  Society  an  account  of  a  method  of 
dividing  astronomical  and  other  instruments  (Phil.  Trans.,  1809,  105) 
which  attracted  considerable  attention  at  the  time  of  its  appearance  on 
account  of  its  ingenuity  and  the  excellence  of  its  performance,  and  as  a 
distinct  advance  on  the  methods  of  Sisson.  Bird  and  Ramsden— all 
eminent  craftsmen  in  their  day  as  instrument  makers.    Cavendish,  for 

•  For  an  account  of  the  observationa  on  the  detennination  of  the  mean  density 
of  the  earth  made  prior  to  1894,  see  Poynting's  essay  on  that  sjibject  (Adams  Prize), 
London,  Griffin  &  Co.  Also  C.  V.  Boys,  "  La  Constante  de  la  gravitation,"  Congr^s 
InttmationaU  de  Physique,  Paris,  igoo. 


[Note.  Cavendish's  published  scientific  communications  are  here  repro- 
duced exactly  as  originally  printed,  except  that  certain  nimierical  tables  have 
had  to  be  placed  somewhat  differently  in  the  text  owing  to  the  difference  in 
the  size  of  the  page  of  this  volume  and  that  of  the  Philosophical  Transactions, 
■Obvious  errors  and  necessary  typographical  corrections  have  also  been 
indicated. 

The  responsibility  for  editing  the  Philosophical  Transactions  rests  with  the 
Secretaries  of  the  Society  and  their  practice,  or  that  of  the  Printers,  has 
varied  from  time  to  time.  Thus  Cavendish's  earlier  papers  are  printed  with- 
out head-lines  to  the  pages.  Accordingly,  for  the  sake  of  uniformity,  in  the 
present  reproduction,  page  head-lines  have  been  introduced  in  the  case  of  the 
papers  on  Factitious  Air  and  on  the  Rathbone  Place  Water,  These  are  of  the 
same  general  character  as  the  head-lines  appearing  on  the  papers  subsequently 
published.] 
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XIX.    Three  Papers^  containing  Experiments  o?i  fa&i- 
tious  Air^  by  the  Hon.  Henry  Cavendish,  F.R.S. 

Read  May  29,  Nov.  6  and  Nov.  13,  1766 

DY  factitious  air,  I  mean  in  general  any  kind  of  air  which  is  contained 
in  other  bodies  in  an  unelastic  state,  and  is  produced  from  thence  by  art. 

By  fixed  air,  I  mean  that  particular  species  of  factitious  air,  which  is 
separated  from  alcaline  substances  by  solution  in  acids  or  by  calcination; 
and  to  whicli  Dr.  Black  has  given  that  name  in  his  treatise  on  quicklime. 

As  fixed  air  makes  a  considerable  part  of  the  subject  of  the  following 
papdrs;  and  as  the  name  might  incline  one  to  think,  that  it  signified  any 
sort  of  air  which  is  contained  in  other  bodies  in  an  unelastic  form;  I 
thought  it  best  to  give  this  explanation  before  I  went  any  farther. 

Before  I  proceed  to  the  experiments  themselves,  it  will  be  proper  to 
mention  the  principal  methods  used  in  making  them. 

In  order  to  fill  a  bottle  with  the  air  discharged  from  metaJs  or  alcaline 
substances  by  solution  in  acids,  or  from  animal  or  vegetable  substances 
by  fermentation,  I  make  use  of  the  contrivance  represented  in  Tab.  VII. 
Fig.  I.  where  A  represents  the  bottle,  in  which  the  materials  for  producing 
air  are  placed;  having  a  bent  glass  tube  C  ground  into  if,  in  the  manner 
of  a  stopper.  E  represents  a  vessel  of  water.  D  the  bottle  to  receive  the 
air,  which  is  first  fiUed  with  water,  and  then  inverted  into  the  vessel  of 
water,  over  the  end  of  the  bent  tube.  F/ represents  the  string,  by  which 
the  bottle  is  suspended.  When  I  would  measure  the  quantity  of  air.  which 
is  produced  by  any  of  these  substances.  I  commonly  do  it  by  receiving  the 
air  in  a  bottle,  which  has  divisions  marked  on  its  sides  \vith  a  diamond, 
shewing  the  weight  of  water,  which  it  requires  to  fill  the  bottle  up  to  those 
divisions:  but  sometimes  I  do  it  by  making  a  mark  on  the  side  of  the 
bottle  in  which  I  have  received  the  air,  answering  to  the  surface  of  the 
water  therein ;  and  then,  setting  the  [bottle]  upright,  find  how  much  water 
it  requires  to  fill  it  up  to  that  mark. 

In  order  to  transfer  the  air  out  of  one  bottle  into  another,  the  simplest 
way,  and  that  which  I  have  oftenest  made  use  of,  is  that  represented  in 
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Fig.  2.  where  A  is  the  bottle,  into  which  the  air  is  to  be  transferred :  it  is 
supposed  to  be  filled  with  water  and  inverted  into  the  vessel  of  water 
DEFG,  and  suspended  there  by  a  string:  the  line  DG  is  the  surface  of  the 
water:  B  represents  a  tin  funnel  held  under  the  mouth  of  the  bottle: 
C  represents  the  inverted  bottle,  out  of  which  the  air  is  to  be  transferred; 
the  mouth  of  which  is  lifted  up  till  the  air  runs  out  of  it  into  the  fimnel, 
and  from  thence  into  the  bottle  A. 

In  order  to  transfer  air  out  of  a  bottle  into  a  bladder,  the  contrivance 
Fig.  3.  is  made  use  of.  A  is  the  bottle  out  of  which  the  air  is  to  be  trans- 
ferred, inverted  into  the  vessel  of  water  FGHK :  B  is  a  bladder  whose  neck 
is  tied  fast  over  the  hollow  piece  of  wood  Cc,  so  as  to  be  air-tight.  Into 
the  piece  of  wood  is  run  a  bent  pewter  pipe  D,  and  secured  with  lute^. 
The  air  is  then  pressed  out  of  the  bladder  as  well  as  possible,  and  a  bit  of 
wax  E  stuck  upon  the  other  end  of  the  pipe,  so  as  to  stop  up  the  orifice. 
The  pipe,  with  the  wax  upon  it,  is  then  run  up  into  the  inverted  bottle, 
and  the  wax  torn  off  by  rubbing  it  against  the  sides.  By  this  means, 
the  end  of  the  pipe  is  introduced  within  the  bottle,  without  suffering  any 
water  to  get  within  it.  Then,  by  letting  the  bottle  descend,  so  as  to  be 
totally  immersed  in  the  water,  the  air  is  forced  into  the  bladder. 

The  weights  used  in  the  following  experiments,  are  troy  weights,  i  ounce 
containing  480  grains.  By  an  ounce  or  grain  measure,  I  mean  such  a 
measure  as  contains  one  ounce  or  grain  Troy  of  water. 


EXPERIMENTS  ON  FACTITIOUS  AIR 

Part  I 

Containing  Experiments  on  Inflammable  Air. 

I  know  of  only  three  metallic  substances,  namely,  zinc,  iron  and  tin, 
that  generate  inflammable  air  by  solution  in  acids;  and  those  only  by 
solution  in  the  diluted  vitriolic  acid,  or  spirit  of  salt. 

Zinc  dissolves  with  great  rapidity  in  both  these  acids;  and,  unless  they 
are  very  much  diluted,  generates  a  considerable  heat.  One  ounce  of  zinc 
produces  about  356  ounce  measures  of  air:  the  quantity  seems  just  the 
same  whichsoever  of  these  acids  it  is  dissolved  in.   Iron  dissolves  readily 

^  The  lute  used  for  this  purpose,  as  well  as  in  all  the  following  experiments,  is 
composed  of  almond  powder,  made  into  a  paste  with  glue,  and  beat  a  good  deal  with 
a  heavy  hammer.  This  is  the  strongest  and  most  convenient  lute  I  know  of.  A  tube 
may  be  cemented  with  it  to  the  mouth  of  a  bottle,  so  as  not  to  suffer  any  air  to 
escape  at  the  joint;  though  the  air  within  is  compressed  by  the  weight  of  several 
inches  of  water. 
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I  vitriolic  acid,  but  not  near  so  readily  as  zinc.  One  ounce 
of  iron  wire  produces  about  412  ounce  measures  of  air:  the  quantity  was 
just  the  same,  whether  the  oil  of  vitriol  was  diluted  with  ij,  or  7  times 
its  weight  of  water:  so  that  the  quantity  of  air  produced  seems  not  at  all 
to  depend  on  the  strength  of  the  acid. 

Iron  dissolves  but  slowly  in  spirit  of  salt  while  cold :  with  the  assistance 
of  heat  it  dissolves  moderately  fast.  Tlie  air  produced  thereby  is  in- 
flammable; but  I  have  not  tried  how  much  it  produces. 

Tin  was  found  to  dissolve  scarce  at  all  in  oil  of  vitriol  diluted  with  an 
equal  weight  of  water,  while  cold:  with  the  assistance  of  a  moderate  heat 
it  dissolved  slowly,  and  generated  air,  which  was  inflammable :  the  quantity 
was  not  ascertained. 

Tin  dissolves  slowly  in  strong  spirit  of  salt  while  cold :  with  the  assist- 
ance of  heat  it  dissolves  moderately  fast.  One  ounce  of  tinfoil  jdelds 
202  ounce  measures  of  inflammable  air. 

These  experiments  were  made,  when  the  thermometer  was  at  50°  and 
the  barometer  at  30  inches. 

All  these  three  metallic  substances  dissolve  readily  in  the  nitrous  acid, 
and  generate  air;  but  the  air  is  not  at  all  inflammable.  They  also  unite 
readily,  with  the  assistance  of  heat,  to  the  undiluted  acid  of  vitriol;  but 
very  little  of  the  salt,  formed  by  their  union  with  the  acid,  dissolves  in  the 
fluid.  They  all  unite  to  the  acid  with  a  considerable  effervescence,  and 
discharge  plenty  of  vapours,  which  smell  strongly  of  the  volatile  sul- 
phureous acid,  and  which  are  not  at  all  inflammable.  Iron  is  not  sensibly 
acted  on  by  this  acid,  without  the  assistance  of  heat;  but  zinc  and  tin 
are  in  some  measure  acted  on  by  it,  while  cold. 

It  seems  likely  from  hence,  that,  when  either  of  the  above-mentioned 
metaUic  substances  are  dissolved  in  spirit  of  salt,  or  the  diluted  vitrioHc 
acid,  their  phlogiston  flies  off.  without  having  its  nature  changed  by  the 
acid,  and  forms  the  inflammable  air;  but  that,  when  they  are  dissolved 
in  the  nitrous  acid,  or  united  by  heat  to  the  vitrioHc  acid,  their  phlogiston 
unites  to  part  of  the  acid  used  for  their  solution,  and  flies  off  with  it  in 
fumes,  the  phlogiston  losing  its  inflammable  property  by  the  union.  The 
volatile  sulphureous  fumes,  produced  by  uniting  these  metallic  substances 
by  heat  to  the  undiluted  vitriolic  acid,  shew  plainly,  that  in  this  case  their 
phlogiston  unites  to  the  acid;  for  it  is  well  known,  that  the  vitriolic  sul- 
phureous acid  consists  of  the  plain  vitriolic  acid  united  to  phlogiston'.  It 
is  highly  probable  too,  that  the  same  thing  happens  in  dissolving  these 
metallic  substances  in  the  nitrous  acid;  as  the  fumes  produced  during  the 

'  Sulphur  is  allowed  by  chymists,  to  consist  of  the  plain  vitriolic  acid  united  to 
phlogiston.  The  volatile  sulphureous  acid  appears  to  consist  of  the  same  acid  united 
to  a  less  proportion  of  phlogiston  than  what  is  required  to  form  sulphur.  A  cir- 
cumstance which  I  think  shews  the  truth  of  this,  is  that  if  oil  of  vitriol  be  distilled, 
from  sulphur,  the  liquor,  which  comes  over,  will  be  the  volatile  sulphureous  acid. 
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solution  appear  plainly  to  consist  in  great  measure  of  the  nitrous  acid, 
and  yet  it  appears,  from  their  more  penetrating  smell  and  other  reasons, 
that  the  acid  must  have  undergone  some  change  in  its  nature,  which  can 
hardly  be  attributed  to  anything  else  than  its  union  with  the  phlogiston. 
As  to  the  inflammable  air,  produced  by  dissolving  these  substances  in 
spirit  of  salt  or  the  diluted  vitriolic  acid,  there  is  great  reason  to  think, 
that  it  does  not  contain  any  of  the  acid  in  its  composition;  not  only 
because  it  seems  to  be  just  the  same  whichsoever  of  these  acids  it  is  pro- 
duced by;  but  also  because  there  is  an  inflammable  air,  seemingly  much 
of  the  same  kind  as  this,  produced  from  animal  substances  in  putrefaction, 
and  from  vegetable  substances  in  distillation,  as  will  be  shewen  hereafter; 
though  there  can  be  no  reason  to  suppose,  that  this  kind  of  inflammable  air 
owes  its  production  to  any  acid.  I  now  proceed  to  the  experiments  made 
on  inflammable  air. 

I  cannot  find  that  this  air  has  any  tendency  to  lose  its  elasticity  by 
keeping,  or  that  it  is  at  all  absorbed,  either  by  water,  or  by  fixed  or  volatile 
alcalies;  as  I  have  kept  some  by  me  for  several  weeks  in  a  bottle  inverted 
into  a  vessel  of  water,  without  any  sensible  decrease  of  bulk;  and  as  I  have 
also  kept  some  for  a  few  days,  in  bottles  inverted  into  vessels  of  sope  leys  and 
spirit  of  sal  ammoniac,  without  perceiving  their  bulk  to  be  at  all  diminished. 

It  has  been  observed  by  others,  that,  when  a  piece  of  lighted  paper  is 
applied  to  the  mouth  of  a  bottle,  containing  a  mixture  of  inflammable 
and  common  air,  the  air  takes  fire,  and  goes  off  with  an  explosion.  In 
order  to  observe  in  what  manner  the  effect  varies  according  to  the  different 
proportions  in  which  they  are  mixed,  the  following  experiment  was  made. 

Some  of  the  inflammable  air,  produced  by  dissolving  zinc  in  diluted 
oil  of  vitriol,  was  mixed  with  common  air  in  several  different  proportions, 
and  the  inflammability  of  these  mixtures  tried  one  after  the  other  in  this 
manner.  A  quart  bottle  was  filled  with  one  of  these  mixtiu-es,  in  the 
manner  represented  in  Fig.  2.  The  bottle  was  then  taken  out  of  the  water, 
set  upright  on  a  table,  and  the  flame  of  a  lamp  or  piece  of  lighted  paper 
applied  to  its  mouth.  But,  in  order  to  prevent  the  included  air  from  mixing 
with  the  outward  air,  before  the  flame  could  be  applied,  the  mouth  of  the 
bottle  was  covered,  while  under  water,  with  a  cap  made  of  a  piece  of  wood 
covered  with  a  few  folds  of  linnen;  which  cap  was  not  removed  till  the 
instant  that  the  flame  was  applied.  The  mixtures  were  all  tried  in  the 
same  bottle ;  and,  as  they  were  all  ready  prepared,  before  the  inflamma- 
bility of  any  of  them  was  tried,  the  time  elapsed  between  each  trial  was 
but  small :  by  which  means  I  was  better  able  to  compare  the  loudness  of 
the  sound  in  each  trial.  The  result  of  the  experiment  is  as  follows. 

With  one  part  of  inflammable  air  to  9  of  common  air,  the  mixture 
would  not  take  fire,  on  applying  the  lighted  paper  to  the  mouth  of  the 
bottle;  but,  on  putting  it  down  into  the  belly  of  the  bottle,  the  air  took 
fire,  but  made  very  little  soimd. 
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Wth  z  parts  of  inflammable  to  8  of  common  air,  it  took  fire  im- 
mediately, on  applying  the  flame  to  the  raoutli  of  the  bottle,  and  went 
off  with  a  moderately  loud  noise. 

With  3  parts  of  inflammable  air  to  7  of  common  air,  there  was  a  very 
loud  noise. 

With  4  parts  of  inflammable  to  6  of  common  air,  the  sound  seemed 
very  little  louder. 

With  equal  quantities  of  inflammable  and  common  air,  the  sound 
seemed  much  the  same.  In  the  first  of  these  trials,  namely,  that  with 
one  part  of  inflammable  to  9  of  common  air,  the  mixture  did  not  take 
fire  all  at  once,  on  putting  the  lighted  paper  into  the  bottle ;  but  one  might 
perceive  the  flame  to  spread  gradually  through  the  bottle.  In  the  three 
next  trials,  though  they  made  an  explosion,  yet  I  could  not  perceive  any 
light  within  the  bottle.  In  all  probability,  the  flame  spread  so  instantly 
through  the  bottle,  and  was  so  soon  over,  that  it  had  not  time  to  make 
any  impression  on  my  eye.  In  the  last  mentioned  trial,  namely,  that  with 
equal  quantities  of  inflammable  and  common  air,  a  light  was  seen  in  the 
bottle,  but  which  quickly  ceased. 

With  6  parts  of  inflammable  to  4  of  common  air.  the  sound  was  not 
very  loud:  the  mixture  continued  burning  a  short  time  in  the  bottle,  after 
the  sound  was  over. 

With  7  parts  of  inflammable  to  3  of  common  air.  there  was  a  very 
gentle  bounce  or  rather  puff:  it  continued  burning  for  some  seconds  in 
the  belly  of  the  bottle. 

A  mixture  of  8  parts  of  inflammable  to  2  of  common  air  caught  fire  on 
applying  the  flame,  but  without  any  noise:  it  continued  burning  for  some 
time  in  the  neck  of  the  bottle,  and  then  went  out,  without  the  flame  ever 
extending  into  the  belly  of  the  bottle. 

It  appears  from  these  experiments,  that  this  air,  like  other  inflam- 
mable substances,  cannot  burn  without  the  assistance  of  common  air.  It 
seems  too,  that,  unless  the  mixture  contains  more  common  than  inflam- 
mable air,  the  common  air  therein  is  not  sufficient  to  consume  the  whole 
of  the  inflammable  air;  whereby  part  of  the  inflammable  air  remains,  and 
burns  by  means  of  the  common  air,  which  rushes  into  the  bottle  after  the 
explosion. 

In  order  to  find  whether  there  was  any  difference  In  point  of  inflamma- 
bility between  the  air  produced  from  different  metals  by  different  acids, 
five  different  sorts  of  air,  namely,  i.  Some  produced  from  zinc  by  diluted 
oil  of  vitriol,  and  which  had  been  kept  about  a  fortnight;  2.  Some  of  the 
same  kind  of  air  fresh  made;  3.  Air  produced  from  zinc  by  spirit  of  salt; 
4.  Air  from  iron  by  the  vitriolic  acid;  5.  Air  from  tin  by  spirit  of  salt; 
were  each  mixed  separately  with  common  air  in  the  proportion  of  2  parts 
of  inflammable  air  to  7/^  of  common  air,  and  their  inflammability  tried 
in  the  same  bottle,  that  was  used  for  the  former  experiment,  and  with 
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the  same  precautions.  They  each  went  off  with  a  pretty  loud  noise,  and 
without  any  difference  in  the  sound  that  I  could  be  siu-e  of.  Some  more 
of  each  of  the  above  parcels  of  air  were  then  mixed  with  common  air,  in 
the  proportion  of  7  parts  of  inflammable  air  to  3J  of  conmion  air,  and 
tried  in  the  same  way  as  before.  They  each  of  them  went  off  with  a  gentle 
boimce,  and  burnt  some  time  in  the  bottle,  without  my  being  able  to  per- 
ceive any  difference  between  them. 

In  order  to  avoid  being  hurt,  in  case  the  bottle  should  biu^t  by  the 
explosion,  I  have  commonly,  in  making  these  sort  of  experiments/  made 
use  of  an  apparatus  contrived  in  such  manner,  that,  by  pulling  a  string, 
I  drew  the  flame  of  a  lamp  over  the  mouth  of  the  bottle,  and  at  the  same 
time  pulled  off  the  cap,  while  I  stood  out  of  the  reach  of  danger.  I  believe, 
however,  that  this  precaution  is  not  very  necessary;  as  I  have  never 
known  a  bottle  to  burst  in  any  of  the  trials  I  have  made. 

The  specific  gravity  of  each  of  the  above-mentioned  sorts  of  inflam- 
mable air,  except  the  first,  was  tried  in  the  following  manner.  A  bladder 
holding  about  100  ounce  measures  was  filled  with  inflammable  air,  in  the 
manner  represented  in  Fig.  3.  and  the  air  pressed  out  again  as  p>erfectly 
as  possible.  By  this  means  the  small  quantity  of  air  remaining  in  the 
bladder  was  almost  intirely  of  the  inflammable  Idnd.  80  ounce  measures 
of  the  inflanmiable  air,  produced  from  zinc  by  the  vitriolic  acid,  were 
then  forced  into  the  bladder  in  the  same  manner:  after  which,  the  pewter 
pipe  was  taken  out  of  the  wooden  cap  of  the  bladder,  the  orifice  of  the 
cap  stopt  up  with  a  bit  of  lute,  and  the  bladder  weighed.  A  hole  was  then 
made  in  the  lute,  the  air  pressed  out  as  perfectly  as  possible,  and  the 
bladder  weighed  again.  It  was  found  to  have  increased  in  weight  4of 
grains.  Therefore  the  air  pressed  out  of  the  bladder  weighs  4of  grains  less 
than  an  equal  quantity  of  common  air :  but  the  quantity  of  air  pressed 
out  of  the  bladder  must  be  nearly  the  same  as  that  which  was  forced  into 
it,  i.e.  80  oimce  measures:  consequently  80  oimce  measiu^es  of  this  sort  of 
inflammable  air  weigh  40I  grains  less  than  an  equal  bulk  of  conmion  air. 
The  three  other  sorts  of  inflammable  air  were  then  tried  in  the  same  way, 
in  the  same  bladder,  immediately  one  after  the  other.  In  the  trial  with 
the  air  from  zinc  by  spirit  of  salt,  the  bladder  increased  40J  grains  on 
forcing  out  the  air.  In  the  trial  with  the  air  from  iron,  it  increased  41J 
grains,  and  in  that  with  the  air  from  tin,  it  increased  41  grains.  The  heat 
of  the  air,  when  this  experiment  was  made,  was  50°;  the  barometer  stood 
at  29!  inches. 

There  seems  no  reason  to  imagme,  from  these  experiments,  that  there 
is  any  difference  in  point  of  specific  gravity  between  these  four  sorts  of 
inflammable  air;  as  the  small  difference  observed  in  these  trials  is  in  all 
probability  less  than  what  may  arise  from  the  unavoidable  errors  of  the 
experiment.  Taking  a  medium  therefore  of  the  different  trials,  80  ounce 
measures  of  inflanunable  air  weigh  41  grains  less  than  an  equal  bulk  of 
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common  air.  Therefore,  if  the  density  of  common  air,  at  the  time  when 
this  experiment  was  tried,  was  800  times  less  tlian  that  of  water,  which, 
I  imagine,  must  be  near  the  truth',  inflammable  air  must  be  5490  times 
lighter  than  water,  or  near  7  times  lighter  than  common  air.  But  if  the 
density  of  common  air  was  850  times  less  than  that  of  water,  then  would 
inflammable  air  be  9200  times  lighter  than  wate;',  or  10^^  lighter  than 


This  method  of  flnding  the  density  of  factitious  air  is  very  convenient 
and  sufficiently  accurate,  where  the  density  of  the  air  to  be  tried  is  not 
much  less  than  that  of  common  air,  but  cannot  be  much  depended  on  in 
the  present  case,  both  on  account  of  the  uncertainty  in  the  density  of 
common  air,  and  because  we  cannot  be  certain  but  what  some  common 
air  might  be  mixed  with  the  inflammable  air  in  the  bladder,  notwith- 
standing the  precautions  used  to  prevent  it;  both  which  causes  may  pro- 
duce a  considerable  error,  where  the  density  of  the  air  to  be  tried  is  many 
times  less  than  that  of  common  air.  For  this  reason,  I  made  the  following 
experiments. 

I  endeavoured  to  find  the  weight  of  the  air  discharged  from  a  given 

'  Mr.  Hawksbee,  whose  determination  is  usuaJly  followed  as  the  most  exact, 
makes  air  to  be  more  than  830  times  lighter  than  water;  \id.  Hawksbee's  experiments, 
p,  g4,  or  Cotes's  Hydrostatics,  p.  159.  But  his  metliod  of  trying  the  experiment  must 
in  all  probability  make  it  appear  lighter  than  it  really  is.  For  having  weighed  his 
Ijottle  under  water,  both  when  full  of  air  and  when  exhausted,  he  supposes  the 
diflerence  of  weight  to  be  equal  to  the  weight  of  the  air  exhausted ;  whereas  in  reality 
it  is  not  so  much:  for  the  bottle,  when  exhausted,  must  necessarily  be  compressed, 
and  on  that  account  weigh  heavier  in  water  than  it  would  otherwise  do.  Suppose, 
for  example,  that  air  is  really  800  times  lighter  than  water,  and  that  the  bottle  is 
compressed  t^Jbo  P^^  "*'  •'^  bulk;  which  seems  no  improbable  supposition:  the 
weight  of  the  bottle  in  water  will  thereby  be  increased  by  ^^Jno  of  the  weight  of  a 
quantity  of  water  of  the  same  bulk,  or  more  than  ^  of  the  weight  of  the  air  ex- 
hausted: whence  the  difference  of  weight  will  not  \x  so  much  as  {J  of  the  weight  of 
the  air  exhausted :  and  therefore  the  air  will  appear  lighter  than  it  really  is  in  the 
proportion  of  more  than  15  to  14,  i.e.  more  than  S57  times  lighter  than  water: 
whereas,  if  the  ball  had  been  weighed  in  air  in  Ixitli  circumstances,  the  error  arising 
from  the  compression  would  have  been  very  trifling. 

It  appears,  from  some  experiments  that  have  been  made  by  weighing  a  ball  in 
air,  wtiile  exhausted,  and  also  after  the  air  was  let  in.  that  air,  wheii  the  thermometer 
is  at  go",  and  the  barometer  at  agj.  is  about  800  times  lighter  than  water.  Though 
the  weight  of  the  air  exhausted  was  little  more  than  50  grains,  no  error  could  well 
arise  near  sufficient  to  make  it  agree  with  Hawksbee's  experiment.  Air  seems  to 
expand  alwut  shi  P^^  ^X  ^°  "*  heat,  whence  its  density  in  any  other  state  of  the 
atmosphere  is  easily  determined.  The  density  here  assumed  agrees  very  well  with 
the  rule  given  by  the  gentlemen,  who  measured  the  length  of  a  degree  in  Peru,  for 
finding  tlie  height  of  mountains  barometrically,  and  which  is  given  in  the  Connois- 
sance  des  moiivemens  celestes,  ann^e  1762.  To  make  that  rule  agree  accurately  with 
observation,  the  density  of  air,  whose  heat  is  the  same  as  that  of  the  places  where 
these  observations  were  made,  and  which  I  imagine  we  may  estimate  at  about  45", 
should  be  798  times  less  than  that  of  water,  when  the  barometer  stands  at  29} , 
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quantity  of  zinc  by  solution  in  the  vitriolic  acid,  in  the  manner  repre- 
sented in  Fig.  4.  A  is  a  bottle  filled  near  full  with  oil  of  vitriol  diluted 
with  about  six  times  its  weight  of  water:  B  is  a  glass  tube  fitted  into  its 
mouth,  and  secured  with  lute:  C  is  a  glass  cylinder  fastened  on  the  end 
of  the  tube,  and  secured  also  with  lute.  The  cylinder  has  a  small  hole  at 
its  upper  end  to  let  the  inflammable  air  escape,  and  is  filled  with  dry 
pearl-ashes  in  coarse  powder.  The  whole  apparatus,  together  with  the 
zinc,  which  was  intended  to  be  put  in,  and  the  lute  which  was  to  be  used 
in  securing  the  tube  to  the  neck  of  the  bottle,  were  first  weighed  carefully; 
its  weight  was  11930  grains.  The  zinc  was  then  put  in,  and  the  tube  put 
in  its  place.  By  this  means,  the  inflammable  air  was  made  to  pass  through 
the  dry  pearl-ashes;  whereby  it  must  have  been  pretty  effectually  de- 
prived of  any  acid  or  watery  vapours  that  could  have  ascended  along  with 
it.  The  use  of  the  glass  tube  B  was  to  collect  the  minute  jets  of  liquor, 
that  were  thrown  up  by  the  effervescence,  and  to  present  their  touching 
the  pearl-ashes;  for  which  reason,  a  small  space  was  left  between  the  glass- 
tube  and  the  pearl-ashes  in  the  cylinder.  When  the  zinc  was  dissolved, 
the  whole  apparatus  was  weighed  again,  and  was  found  to  have  lost  ii| 
grains  in  weight^;  which  loss  is  principally  owing  to  the  weight  of  the 
inflammable  air  discharged.  But  it  must  be  observed,  that,  before  the 
effervescence,  that  part  of  the  bottle  and  cylinder,  which  was  not  occupied 
by  other  more  solid  matter,  was  filled  with  common  air;  whereas,  after 
the  effervescence,  it  was  filled  with  inflammable  air;  so  that,  upon  that 
account  alone,  supposing  no  more  inflammable  air  to  be  discharged  than 
what  was  sufficient  to  fill  that  space,  the  weight  of  the  apparatus  would 
have  been  diminished  by  the  difference  of  the  weight  of  that  quantity  of 
common  air  and  inflammable  air.  The  whole  empty  space  in  the  bottle 
and  cylinder  was  about  980  grain  measures,  there  is  no  need  of  exactness; 
and  the  difference  of  the  weight  of  that  quantity  of  common  and  inflam- 
mable air  is  about  one  grain :  therefore  the  true  weight  of  the  inflammable 
air  discharged,  is  loj  grains.  The  quantity  of  zinc  used  was  254  grains, 
and  consequently  the  weight  of  the  air  discharged  is  ^  or  ^  of  the  weight 
of  the  zinc. 

It  was  before  said,  that  one  grain  of  zinc  yielded  356  grain  measures 
of  air:  therefore  254  grains  of  zinc  yield  90427  grain  measures  of  air; 
which  we  have  just  found  to  weigh  lof  grains;  therefore  inflammable  air  is 
about  8410  times  lighter  than  water,  or  10  J  times  lighter  than  common  air. 

The  quantity  of  moisture  condensed  in  the  pearl-ashes  was  found  to 
be  about  ij  grains. 

By  another  experiment,  tried  exactly  in  the  same  way,  the  density  of 
inflammable  air  came  out  8300  times  less  than  that  of  water. 

*  As  the  quantity  of  lute  used  was  but  smaU,  and  as  this  kind  of  lute  does  not 
lose  a  great  deal  of  its  weight  by  being  kept  in  a  moderately  dry  room,  no  sensible 
error  could  arise  from  the  drying  of  the  lute  during  the  experiment. 
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The  specific  gravity  of  the  air,  produced  by  dissolving  zinc  in  spirit  of 
salt,  was  tried  exactly  in  the  same  maimer.  244  grains  of  zinc  being  dis- 
solved in  spirit  of  salt  diluted  with  about  four  times  its  weight  of  water, 
the  loss  in  effervescence  was  loj  grains;  the  empty  space  in  the  bottle  and 
cylinder  was  914  grain  measures;  whence  the  weight  of  the  inflammable 
air  was  gj  grains,  and  consequently  its  density  was  8910  times  less  than 
that  of  water. 

By  another  experiment,  its  specific  gravity  came  out  9030  times  lighter 
than  water. 

A  Hke  experiment  was  tried  with  iron.  250J  grains  of  iron  being  dis- 
solved in  oil  of  vitriol  diluted  with  four  times  its  weight  of  water,  the  loss 
in  effervescence  was  13  grains,  the  empty  space  1420  grain  measures. 
Therefore  the  weight  of  the  inflammable  air  was  ii|  grains,  i.e.  about 
,'5  of  the  weight  of  the  iron,  and  its  density  was  8973  times  less  than  that 
of  water.   The  moisture  condensed  was  \\  grains. 

A  like  experiment  was  tried  with  tin,  607  grains  of  tinfoil  being  dis- 
solved ill  strong  spirit  of  salt,  the  loss  in  effer\'escence  was  14J  grains,  the 
empty  space  873  grain  measures:  therefore  the  weight  of  the  inffammable 
air  was  13J  grains,  i.e.  -^^  of  the  weight  of  the  tin,  and  its  density  8918 
times  less  than  that  of  water.  The  quantity  of  moisture  condensed  was 
about  three  grains. 

It  is  evident,  that  the  truth  of  these  determinations  depend[s]  on  a  sup- 
position, that  none  of  the  inflammable  air  is  absorbed  by  the  pearl-ashes. 
In  order  to  see  whether  this  was  the  case  or  no.  I  dissolved  86  grains  of 
zinc  in  diluted  acid  of  vitriol,  and  received  the  air  in  a  measuring  bottle 
in  the  common  way.  Immediately  after,  I  dissolved  the  same  quantity  of 
zinc  in  the  same  kind  of  acid,  and  made  the  air  to  pass  into  the  same 
measuring  bottle,  through  a  cyHnder  filled  with  dry  pearl-ashes,  in  the 
manner  represented  in  Fig.  5.  I  could  not  perceive  any  difference  in  their 
bulks. 

It  appears  from  these  experiments,  that  there  is  but  little,  if  any, 
difference  in  point  of  density  between  the  different  sorts  of  inflammable 
air.  Whether  the  difference  of  density  observed  between  the  air  procured 
from  zinc,  by  the  vitriolic  and  that  by  the  marine  acid  is  real,  or  whether 
it  is  only  owing  to  the  error  of  the  experiment,  I  cannot  pretend  to  say. 
By  a  medium  of  the  experiments,  inflammable  air  comes  out  8760  times 
lighter  than  water,  or  eleven  times  lighter  than  common  air. 

In  order  to  see  whether  inflammable  air,  in  the  state  in  which  it  is. 
when  contained  in  the  inverted  bottles,  where  it  is  in  contact  with  water, 
contains  any  considerable  quantity  of  moisture  dissolved  in  it,  I  forced 
192  ounce  measures  of  inflammable  air,  through  a  cylinder  filled  with  dry 
pearl-ashes,  by  means  of  the  same  apparatus,  which  I  used  for  filling  the 
bladders  with  inflammable  air,  and  which  is  represented  in  Fig.  3.  The 
cylinderwas  weighed  carefully  before  and  after  the  air  was  forced  through; 
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whereby  it  was  found  to  have  increased  i  grain  in  weight.  The  empty 
space  in  the  cylinder  was  248  grains,  the  'difference  of  weight  of  which 
quantity  of  common  and  inflammable  air  is  J  of  a  grain.  Therefore  the 
real  quantity  of  moisture  condensed  in  the  pearl-ashes  is  ij  grain.  The 
weight  *of  192  ounce  measiu^es  of  inflammable  air  deprived  of  its  moisture 
appears  from  the  former  experiments  to  be  10 J  grains;  therefore  its  weight 
when  saturated  with  moisture  would  be  iif  grains.  Therefore  inflam- 
mable air,  in  that  state  in  which  it  is  in,  when  kept  under  the  inverted 
bottles,  contains  near  ^  its  weight  of  moisture ;  and  its  specific  gravity  in 
that  state  is  7840  times  less  than  that  of  water. 

I  made  an  experiment  with  design  to  see,  whether  copper  produced 
any  inflammable  air  by  solution  in  spirit  of  salt.  I  could  not  procure  any 
inflammable  air  thereby:  but  the  phenomena  attending  it  seem  remarkable 
enough  to  deserve  mentioning.  The  apparatus  used  for  this  experiment 
was  of  the  same  kind  as  that  represented  in  Fig.  i.  The  bottle  A  was 
filled  almost  full  of  strong  spirit  of  salt,  with  some  fine  copper  wire  in  it. 
The  wire  seemed  not  at  all  acted  on  by  the  acid,  while  cold;  but,  with  the 
assistance  of  a  heat  almost  sufficient  to  make  the  acid  boil,  it  made  a  con- 
siderable effervescence,  and  the  air  passed  through  the  bent  tube,  into  the 
bottle  D,  pretty  fast,  till  the  air  forced  into  it  by  this  means  seemed  almost 
equal  to  the  empty  space  in  the  bent  tube  and  the  bottle  A :  when,  on  a 
sudden,  without  any  sensible  alteration  of  the  heat,  the  water  rushed  vio- 
lently through  the  bent  tube  into  the  bottle  A,  and  filled  it  almost  intirely 
full. 

The  experiment  was  repeated  again  in  the  same  manner,  except  that 
I  took  away  the  bottle  D,  and  let  out  some  of  the  water  of  the  cistern : 
so  that  the  end  of  the  bent  tube  was  out  of  water.  As  soon  as  the  effer- 
vescence began,  the  vapours  issued  visibly  out  of  the  bent  tube ;  but  they 
were  not  at  all  inflanunable,  as  appeared  by  applying  a  piece  of  lighted 
paper  to  the  end  of  the  tube.  A  small  empty  phial  was  then  inverted  over 
the  end  of  the  bent  tube,  so  that  the  mouth  of  the  phial  was  immersed  in 
the  water,  the  end  of  the  tube  being  within  the  body  of  the  phial  and  out 
of  water.  The  common  air  was  by  degrees  expelled  out  of  the  phial,  and 
its  room  occupied  by  the  vapours;  after  which,  having  chanced  to  shake 
the  inverted  phial  a  little,  the  water  suddenly  rushed  in,  and  filled  it 
almost  full ;  from  thence  it  passed  through  the  bent  tube  into  the  bottle  A, 
and  filled  it  quite  full.  It  appears  likely  from  hence  that  copper,  by  solu- 
tion in  the  marine  acid,  produces  an  elastic  fluid,  which  retains  its  elasticity 
as  long  as  there  is  a  barrier  of  common  air  between  it  and  the  water,  but 
which  immediately  loses  its  elasticity,  as  soon  as  it  comes  in  contact  with 
the  water.  In  the  first  experiment,  as  long  as  any  considerable  quantity 
of  common  air  was  left  in  the  bottle  containing  the  copper  and  acid,  the 
vapours,  which  passed  through  the  bent  tube,  must  have  contained  a  good 
deal  of  common  air.  As  soon  therefore  as  any  part  of  these  vapours  came 
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to  the  farther  end  of  the  bent  tube,  where  they  were  in  contact  with  the 
water,  that  part  of  them,  which  consisted  of  the  air  from  copper,  would  be 
immediately  condensed,  leaving  the  conmion  air  tlnchanged;  whereby  the 
end  of  the  tube  would  be  filled  with  common  air  only;  by  which  means 
the  vapours,  contained  in  the  rest  of  the  tube  and  bottle  A,  seem  to  have 
been  defended  from  the  action  of  the  water.  But  when  almost  all  the 
common  air  was  driven  out  of  the  bottle,  then  the  proportion  of  common 
air  contained  in  the  vapoiu^,  which  passed  through  the  tube,  seems  to 
have  been  too  small  to  defend  them  from  the  action  of  the  water.  In  the 
second  experiment,  the  narrow  space  left  between  the  neck  of  the  inverted 
phial  and  the  tube  would  answer  much  the  same  end,  in  defending  the 
vapours  within  the  inverted  phial  from  the  action  of  the  water,  as  the  bent 
tube  in  the  first  experiment  did  in  defending  the  vapoiu^  within  the  bottle 
from  the  action  of  the  water. 


EXPERIMENTS  ON  FACTITIOUS  AIR 

Part  II 

Containing  Experiments  on  Fixed  Air,  or  that  Species 
of  Factitious  Air,  which  is  produced  from  Alcaline 
Substances,  by  Solution  in  Acids  or  by  Calcination. 

Experiment  I 

The  air  produced,  by  dissolving  marble  in  spirit  of  salt,  was  caught  in 
an  inverted  bottle  of  water,  in  the  usual  manner.  In  less  than  a  day's 
time,  much  the  greatest  part  of  the  air  was  foimd  to  be  absorbed.  The 
water  contained  in  the  inverted  bottle  was  foimd  to  precipitate  the  earth 
from  lime-water;  a  sure  sign  that  it  had  absorbed  fixed  air^. 

Experiment  II 

I  filled  a  Florence  flask  in  the  same  way  with  the  same  kind  of  fixed 
air.  When  full,  I  stopt  up  the  mouth  of  the  flask  with  my  finger,  while 
under  water,  and  removed  it  into  a  vessel  of  quicksilver,  so  that  the 
mouth  of  the  flask  was  intirely  immersed  therein.  It  was  kept  in  this 
situation  upwards  of  a  week.  The  quicksilver  rose  and  fell  in  the  neck  of 
the  flask,  according  to  the  alterations  of  heat  and  cold,  and  of  the  height 

*  Lime,  as  Dr.  Black  has  shewn,  is  no  more  than  a  calcareous  earth  rendered 
soluble  in  water  by  being  deprived  of  its  fixed  air.  Lime  water  is  a  solution  of  lime 
in  water:  therefore,  on  mixing  lime  water  with  any  liquor  containing  fixed  air,  the 
lime  absorbs  the  air,  becomes  insoluble  in  water,  and  is  precipitated.  This  property 
of  water,  of  absorbing  fixed  air,  and  then  making  a  precipitate  with  lime  water,  has 
been  taken  notice  of  by  Mr.  M'Bride. 
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of  till-  baninu-tiT :  as  it  would  ha\-e  done  if  it  had  been  filled  with  cotmoce 
air.  Hut  it  apiN-art.'tl.  by  r<>n)|xirinf;  tagvther  the  heights  of  the  qinckahv 
at  the  sanif  tfm[xT  uf  the  atmosphiTe,  that  no  part  of  the  fixed  air  hui 
btf-n  absorbed  i>r  lost  its  dastidty.  The  flask  was  then  remox'ed.  intk 
Winif  nianm-r  as  bt-forr,  into  a  xi-ssi'l  of  sope  leys.  The  fixed  air.  bytliij 
nu-uns,  t'uniin^'  in  (ontait  with  the  sope  leys,  was  quickly  absorbed. 

I  also  tilkd  anotlii-r  Florcmc  flask  with  fixed  air,  and  kept  it  withiti 
moutli  ininiiTstil  in  a  viss*-!  of  (piicksiK'vr  in  the  same  manner  as  tk 
otIiiT,  (or  u[<vi'anl>  ■>(  a  \var,  without  ln-ing  able  to  perceive  any  air  to  be 
absi>rlM'<I.  On  n-inuvin^  it  into  a  wssi-I  of  sope  leys,  the  air  was  qmckh 
.il>siirl»«<I  like  tlu-  fiirnnr. 

It  apjN-ar^  from  ttii^  t-xjH-nnit-iit,  that  fixed  air  has  no  dispoation  ta 
li»s«'  its  flastidly.  iinli'^>  it  nutt^  with  water  or  some  other  substaiw 
pri))MT  to  ubs«irb  it,  anil  that  it>  natiin-  is  not  altered  by  keeping. 

I^XI-KKtMENT   III 

In  iinlor  to  lirid  how  itni<  li  ti\c(l  air  wati-r  would  absorb,  the  foUming 
(■x]ici-inifiit  was  made.  \  <  yliinlrii  a!  kI<>^^.  with  divisions  marked  oo  its 
sides  with  a  (Uiimond.  >li(Avinc  the  i|tiantily  of  water  which  it  required  to 
till  it  np  tn  thost-  marks.  wa>  lillcd  with  quiiksih'er,  and  in\'erted  intoa 
f,'lass  tilk'd  with  the  sinii'  fluid.  Snnu'  lixrd  air  was  then  forced  into  tlus 
rylindriral  ^lass.  in  tin-  sinir  manner  that  it  was  into  the  inverted  bottles 
of  wiitiT.  in  the  ti.nini  exjKriineiits;  exiept  that,  to  prevent  any  common 
air  fiiiiii  lieiiij4  tnieed  iiitii  tile  f;lass  ahm/^  with  the  fixed,  I  took  care  not 
to  intfxlni'e  the  end  i>l  tlie  Ixiit  tiitx'  within  tlir  (Cylindrical  glass,  till  I 
was  well  assmed  tliiil  mi  i  nnunon  air  to  sif-nify  routd  remain  within  the 
l)otlI<;,  I  tiis  was  di nil'  liy  liiM  introdueiii^'  the  end  of  the  bent  tube  within 
an  inverted  bottle  of  watir,  and  letting  it  remain  there,  till  the  air  driven 
into  tliis  bottle  was  at  least  lo  times  as  mnrh  as  would  fill  the  empty 
spaee  in  the  bent  tiitx-,  and  the  bottle  rontaininj^  the  marble  and  acid.  By 
this  means  one  nii;jlit  he  well  itssured,  that  the  quantity  of  common  air 
rt.-mainiiif<  within  tlie  l^nt  tnbe  and  bottle  must  fx'  very  trifling.  The  end 
of  the  Ix-nt  tnlx-  was  then  intriHlnied  within  the  rylindricai  glass,  and 
kept  there  till  a  snilieient  ([iianlity  of  hxed  air  was  let  up.  After  letting 
it  stand  tor  a  few  hinirs,  the  divi>ion  answerinj;  to  the  surface  of  the  quick- 
silver in  the  eylincKr  was  observed  and  wrote  (h>wn.  by  which  it  was  loiown 
how  nuirh  iixed  air  li:id  been  let  up.  A  little  rain  water  was  then  intro- 
duced into  the  cytindriral  {jlass,  by  pourinK  some  rain  water  into  the  vessel 
of  quicksilver,  and  then  lifting  up  the  <  ylindrical  plass  so  as  to  raise  the 
bottom  of  it  a  little  way  out  of  the  quicksilver.  After  having  suffered  it 
lo  stand  a  day  or  two,  in  whidi  time  the  water  seemed  to  have  absorbed 
as  much  fixed  air  as  it  was  able  to  do,  the  division  answering  to  the  upper 
surface  of  the  water,  and  also  that  answerini;  to  the  surface  of  the  quick- 
silver, were  observed;  by  which  it  was  known  how  much  air  remained  not 
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absorbed,  and  also  how  much  water  had  been  introduced:  the  division 
answering  to  the  surface  of  the  water  telling  how  much  air  remained  not 
absorbed,  and  the  difference  of  the  two  divisions  telling  how  much  water 
had  been  let  up.  More  water  was  then  let  up  in  the  same  manner,  at 
different  times,  till  almost  the  whole  of  the  fixed  air  was  absorbed.  As  all 
water  contains  a  little  air,  the  water  used  in  this  experiment  was  first  well 
purged  of  it  by  boiling,  and  then  introduced  into  the  cylinder  while  hot. 
The  result  of  the  experiment  is  given  in  the  following  table;  in  which  the 
first  column  shews  the  bulk  of  the  water  let  up  each  time;  the  second 
shews  the  bulk  of  air  absorbed  each  time;  the  third  the  whole  bulk  of 
water  let  up;  the  fourth  the  whole  bulk  of  air  absorbed;  and  the  fifth 
column  shews  the  bulk  of  air  remaining  not  absorbed.  In  order  to  set  the 
result  in  a  clearer  light,  the  whole  bulk  of  air  introduced  into  the  cylinder 
is  called  i,  and  the  other  quantities  set  down  in  decimals  thereof. 


Bulk  of  air  let  up 
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Bulk  of  air 
absorbed 
each  limE 
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■322 

-481 
•082 

■374 

•485 
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■322 

■803 
■885 

■374 

■859 
■907 

■626 
■141 

■093 

■145 

■079 

1-030 

■986 

■014 

I  imag:ine  that  the  quantities  of  water  let  up  and  of  the  air  absorbed 
could  be  estimated  to  about  three  or  four  loooth  {jarts  of  the  whole  bulk 
of  air  introduced.  The  height  of  the  thermometer,  during  the  trial  of  this 
experiment,  was  at  a  medium  55°. 

This  experiment  was  tried  once  before.  The  result  agreed  pretty 
nearly  with  this;  but,  as  it  was  not  tried  so  carefully,  the  result  is  not 
set  down. 

It  appears  from  hence,  that  the  fixed  air  contained  in  marble  consists 
of  substances  of  different  natures,  part  of  it  being  more  soluble  in  water 
than  the  rest:  it  appears  too,  that  water,  when  the  thermometer  is  about 
55°.  will  absorb  rather  more  than  an  equal  bulk  of  the  more  soluble  part 
of 'this  air. 

It  appears,  from  an  experiment  which  will  be  mentioned  hereafter, 
that  water  absorbs  more  fixed  air  in  cold  weather  than  warm;  and,  from 
the  following  experiment,  it  appears,  that  water  heated  to  the  boiling 
point  is  so  far  from  absorbing  air,  that  it  parts  with  what  it  has  already 
absorbed. 

Experiment  IV 

Some  water,  which  had  absorbed  a  good  deal  of  fixed  air,  and  which 
made  a  considerable  precipitate  with  lime  water,  was  put  into  a  phial,  and 
kept  about  J  of  an  hour  in  boiling  water.   It  was  found  when  cold  not  to 
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make  any  precipitate,  or  to  become  in  the  least  cloudy  on  mixing  it  with 
lime  water. 

Experiment  V 

Water  also  parts  with  the  fixed  air,  which  it  has  absorbed  by  being 
exposed  to  the  open  air.  Some  of  the  same  parcel  of  water,  that  was  used 
for  the  last  experiment,  being  exposed  to  the  air  in  a  saucer  for  a  few  days, 
was  foimd  at  the  end  of  that  time  to  make  no  clouds  with  lime  water. 

Experiment  VI 

In  like  manner  it  was  tried  how  much  of  the  same  sort  of  fixed  air  was 
absorbed  by  spirits  of  wine.  The  result  is  as  follows. 

Bulk  of  air  introduced  =  i. 


Spirit 

let  up 

each  time 

Air 
absorbed 
each  time 

Whole  bulk 

of  spirit 

let  up 

Whole 

bulk  of  air 

absorbed 

Bulk  of  air 
remaining 

•207 

•453 

•207 

•453 

•547 

•146 

•274 

•353 

.727 

•273 

•074 

•103 

•427 

•830 

•170 

•046 

•030 

•473 

•860 

•140 

The  mean  height  of  the  thermometer,  during  the  trial  of  the  experi- 
ment, was  46°.  Therefore  spirits  of  wine,  at  the  heat  of  46°,  absorbs  near 
2\  times  its  bulk  of  the  more  soluble  part  of  this  air. 

Experiment  VII 

After  the  same  manner  it  was  tried  how  much  fixed  air  is  absorbed  by 
oil.  Some  olive  oil,  equal  in  bulk  to  \  part  of  the  fixed  air  in  the  cylin- 
drical glass,  was  let  up.  It  absorbed  rather  more  than  an  equal  bulk  of 
air;  the  thermometer  being  between  40  and  50°.  The  experiment  was  not 
carried  any  farther.  The  oil  was  found  to  absorb  the  air  very  slowly. 

Experiment  VIII 

The  specific  gravity  of  fixed  air  was  tried  by  means  of  a  bladder,  in 
the  same  manner  which  was  made  use  of  for  finding  the  specific  gravity 
of  inflammable  air;  except  that  the  air,  instead  of  being  caught  in  an 
inverted  bottle  of  water,  and  thence  transferred  into  the  bladder,  was 
thrown  into  the  bladder  immediately  from  the  bottle  which  contained  the 
marble  and  spirit  of  salt,  by  fastening  a  glass  tube  to  the  wooden  cap  of 
the  bladder,  and  luting  that  to  the  mouth  of  the  bottle  containing  the 
effervescing  mixture,  in  such  manner  as  to  be  air-tight.  The  bladder  was 
kept  on  till  it  was  quite  full  of  fixed  air:  being  then  taken  off  and  weighed, 
it  was  found  to  lose  34  grains,  by  forcing  out  the  air.  The  bladder  was 
previously  found  to  hold  100  ounce  measures.  Whence  if  the  outward  air, 
at  the  time  when  this  experiment  was  tried,  is  supposed  to  have  been  800 


on  FaBitious  Air 


91 


r  is  511  times  lighter  than  water,  or  i^ 
The  heat  of  the  air  during  the  trial  of 


times  lighter  than  water,  fixed  a 
times  heavier  than  common  air 
this  experiment  was  45°. 

By  another  experiment  of  the  same  kind,  made  when  the  thermometer 
was  at  65°,  fixed  air  seemed  to  be  about  563  times  lighter  than  water. 

Experiment  IX 

Fixed  air  has  no  power  of  keeping  fire  aJive,  as  common  air  has;  but, 
on  the  contrary,  that  property  of  common  air  is  very  much  diminished  by 
the  mixture  of  a  smaii  quantity  of  fixed  air;  as  appears  from  hence. 

A  small  wax  candle  burnt  80"  in  a  receiver,  which  held  190  ounce 
measures,  when  filled  with  common  air  only. 

The  same  candle  burnt  gi"  in  the  same  receiver,  when  filled  with  a 
mixture  of  one  part  of  fixed  air  to  19  of  common  air,  i.e.  when  the  fixed 
air  was  3'^  of  the  whole  mixture. 

When  the  fixed  air  was  ^  of  the  whole  mixture,  the  candle  burnt  23". 

When  the  fixed  air  was  ^g  of  the  whole,  it  burnt  ir". 

When  the  fixed  air  was  A  or  —  of  the  whole  mixture,  the  candle  went   . 
^       9i 
out  i!mmediately. 

Hence  it  should  seem,  that,  when  the  air  contains  near  \  its  bulk  of 
fixed  air,  it  is  imfit  for  small  candles  to  bum  in.  Perhaps  indeed,  if  1  had 
used  a  larger  candle  and  a  larger  receiver,  it  might  have  burnt  in  a  mixture 
containing  a  larger  proportion  of  fixed  air  than  this;  as  I  believe  that  large 
flaming  bodies  will  burn  in  a  fouler  air  than  small  ones.  But  this  is  suffi- 
cient to  shew,  that  the  power,  which  common  air  has  of  keeping  fire  alive, 
is  very  much  diminished  by  a  small  mixture  of  fixed  air. 

This  experiment  was  tried,  by  setting  the  candle  in  a  large  cistern  of 
water,  in  such  manner  that  the  flame  was  raised  but  a  Httle  way  above 
the  surface ;  the  receiver  being  inverted  full  of  water  into  the  same  cistern. 
The  proper  quantity  of  fixed  air  was  then  let  up,  and  the  remaining  space 
filled  with  common  air,  by  raising  the  receiver  gradually  out  of  water; 
after  which,  it  was  immediately  whelmed  gently  over  the  burning  candle. 
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Experiments  on  the  Quantity  of  Fixed  Air,  contained  in 
Alcaline  Substances. 

Experiment  X 
The  quantity  of  fixed  air  contained  in  marble  was  found  by  dissolving 
some  marble  in  spirit  of  salt,  and  finding  the  loss  of  weight,  which  it 
suffered  in  effervescence,  in  the  same  manner  as  I  found  the  weight  of 
the  inflammable  air  discharged  from  metals  by  solution  in  acids,  except 
that  the  cyhnder  was  filled  with  shreds  of  filtering  paper  instead  of  dry 


t 


<■ 


0 


r 


r  ; 


■    ir» 


.n^ 


ft 


92  Afii.  CAFENDISWS  Experiments 

pi*arl  allies;  for  )N'arl  astic*s  would  have  absorbed  the  fixed  air  that  passed 

tlirnii;^|i  th«-m.   Thf  wri^'ht  nf  the  marble  dissolved  was  311}  grains.  The 

\   .«  I(»N>  i)f  wfi^^'ht  in  (■tt«rvrMrTi(r  was  125I  grains.    The  ivhole  empty  space 

\     \  in  tlu*  bottle  and  cylindiT  was  about  2700  grain  measures:  the  excess  ot 

wcij^'ht  nf  that  ({uantity  of  fixed,  above  an  equal  quantity  of  common,  air 
is  ij  ^Tains.  'Iht-nfore  the  wrif^ht  of  the  fixed  air  discharged  is  127I 
^Tains.  The  <ylinder  with  the  filtering  {xiper  was  found  to  have  increased 
1}  ^'rain>  in  wej^'ht  during'  the  effervescence.  The  empty  ^>ace  in  the 
I    i  ryhnder  was  ahniii   iHn)  ^'raiii  measures:  the  excess  of  weight  of  which 

i     I  (piantity  of  ti\«d  air  ahtive  an  e(|ual  bulk  of  common  air  is  f  grains. 

Therefore  tile  (juaiitity  of  moisture  condensed  in  the  filtering  paper  is  one 
Kraiii.  or  about  ,!.,  part  of  the  weight  of  the  air  discharge^!. 

As  water  ha<  Ix-en  already  >hewn  to  absorb  fixed  air,  it  seemed  not 
improbable,  but  what  there  mi.ulit  Ix*  some  fixed  air  contained  in  the  solu- 
tion of  miirbje  in  s|tiiit  f>f  sdt ;  in  whi(  h  easi'  the  air  discharged,  during 
\   'i  the  efiervesrenre.  wouM  not  Ik-  the  whole  of  the  fixed  aiF  in  the  marble. 

In  (»rder  to  x  «•  wlietlii-r  tlii^  wa^  the  ease,  I  poured  some  of  the  solution 
^'  %  into  lime  water.    It  ni.ide  Niane  any  i)reeipitate;  which,  as  the  acid  was 

*  intirely  s;itmated  witli  marble,  it  would  certainly  have  done  if  the  solution 

had  (ontained  any  li.xed  air.    It  ap|)ears  therefore  from  this  experiment, 

first,  that  marble  « nnt.iin>     "^  J  '    of  its  weight  of  fixed  air;  and 

s<>eondly.  that  the  <pi;tntitv  ol  moisture,  which  flies  off  aIon§^  with  the 
lixed  air  in  «j|ervrM  in»  r.  i<  but  trillini^ :  as  I  ima^'ine  that  the  greatest  part 
of  what  (lid  fly  «»lt  mu-^t  h.i\e  Ixi-n  ( *»ndens<'d  in  tFie  filtering  piaper. 

•  V*y  anoilu'r  exiHiiuHiii  tri«'d  nnnh  in  the  s;uiie  way,  marble  was  found 

\  to  ('oi]t;iiii  J*;;",,  of  its  N\eit:ht  <»f  li.xed  air. 

♦  ICxri-KIMFNT    XI 

Volatile  sal  anunoniae  dis>,f»|\rs  with  too  |:,Teat  rapidity  in  acids,  and 
\  makes  loo  violent  an  eljerveseenee,  to  allow  one  to  try  what  quantity  of 

fixed  air  it  contains  in  the  fon'^oiuf^'  manner:  I  therefore  made  use  of  the 
following'  metlnKl. 

Three  small  phiaN  were  wei^^hed  lojLjether  in  the  s;ime  scale.  The  first 
( ontained  som*'  weak  s|)irit  of  salt,  the  S("cond  contained  some  volatile  sal 
ammoniac  in  uKxlerate  si/«'d  hunps  without  powder,  corked  up  to  prevent 
evapcjration,  and  the  tliird,  intended  for  mi.xin^'  tlie  acid  and  alcali  in, 
contained  only  a  little  water,  and  was  roven»d  with  a  paper  cap,  to  pre- 
\  '  vent  the  small  jets  of  li(pior,  which  an*  thrown  up  during  the  effervescence, 

from  escaping  out  of  the  bottle.   In  order  to  prevent  too  violent  an  eflfer- 

;       ^  vescence,  the  arid  and  alcali  were  both  added  by  a  little  at  a  time,  care 

,    {  ■■  l><'ing  taken  that  the  acid  should  always  predominate  in  the  mixture. 

I  ■  Care  was  also  taken  always  to  cover  the  bottle  with  the  paper  cap,  as  soon 

•   !  as  any  of  the  acid  or  alcali  were  added.    As  soon  as  the  mixture  was 
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finished,  the  three  phials  were  weighed  again;  whereby  the  loss  in  effer- 
vescence was  found  to  be  134  grains.  The  weight  of  the  volatile  salt  made 
use  of  was  254  grains,  and  was  pretty  exactly  sufficient  to  saturate  the 
acid.  The  solution  appeared,  by  pouring  some  of  it  into  lime  water,  to 
contain  scarce  any  fixed  air.  Therefore  254  grains  of  the  volatile  sal 
ammoniac  contain  134  grains  of  fixed  air,  i.e.  -^-^^  of  their  weight.  It 
appeared  from  the  same  experiment,  that  1680  grains  of  the  volatile  salt 
saturate  as  much  acid  as  1000  grains  of  marble. 

By  another  experiment,  tried  with  some  of  the  same  parcel  of  volatile 
salt,  it  was  found  to  contain  -^^^  of  its  weight  of  fixed  air,  and  1643  grains 
of  it  saturated  as  much  acid  as  1000  grains  of  marble.  By  a  medium,  the 
salt  contained  /^''^  of  its  weight  of  fixed  air;  and  1661  grains  of  it  satu- 
rated as  much  acid  as  1000  grains  of  marble. 

One  thousand  grains  of  marble  were  found  to  contain  4074  grains  of 
air,  and  1661  grains  of  volatile  sal  ammoniac  contain  885  grains.  There- 
fore this  parcel  of  volatile  sal  ammoniac  conttiins  more  fixed  air,  in  pro- 
portion to  the  quantity  of  acid  that  it  can  saturate,  than  marble  does,  in 
the  proportion  of  885  to  407^,  or  of  217  to  loo, 

N.B.  It  is  not  unlikely,  that  the  quantity  of  fixed  air  may  be  found 
to  differ  considerably  in  different  parcels  of  "volatile  sal  ammoniac;  so  that 
any  one,  who  was  to  repeat  these  experiments,  ought  not  to  be  surprized 
if  he  was  to  find  the  result  to  differ  considerably  from  that  here  laid  down. 
The  same  thing  may  be  said  of  pearl  ashes. 

Experiment  XII 
This  serves  to  accoimt  for  a  remarkable  phenomenon,  which  I  formerly 
met  with,  on  putting  a  solution  of  volatile  sal  ammoniac  in  water  into  a 
solution  of  chalk  in  spirit  of  salt.  The  earth  was  precipitated  hereby,  as 
might  naturally  be  expected:  but  what  surprized  me,  was,  that  it  was 
attended  with  a  considerable  effervescence;  though  I  was  well  assured, 
that  the  acid  in  the  solution  of  chalk  was  perfectly  neutralized.  This  is 
very  easily  accounted  for,  from  the  above-mentioned  circumstance  of 
volatile  sal  ammoniac  containing  more  fixed  air  in  proportion  to  the 
quantity  of  acid  that  it  can  saturate,  than  calcareous  earths  do.  For  the 
volatile  alcali,  by  uniting  to  the  acid,  was  necessarily  deprived  of  its  fixed 
air.  Part  of  this  air  united  to  the  calcareous  earth,  which  was  at  the  same 
time  separated  from  the  acid;  but,  as  the  earth  was  not  able  to  absorb  the 
whole  of  the  fixed  air,  the  remainder  flew  off  in  an  elastic  form,  and  thereby 
produced  an  effervescence. 

Experiment  XlII 
The  same  solution  of  volatile  sal  ammoniac  made  no  precipitate,  when 
mixed  with  a  solution  of  Epsom  salt ;  though  a  mixture  thereof  with  a  little 
spirit  of  sal  ammoniac,  made  with  lime,  immediately  precipitated  the 
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\  magnesia  from  ttu*  same  solution  of  Epsom  salt :  as  it  ought  to  do  ac- 

ronliiiK  to  Dr.  Hhick'^  arcDiint  of  the  affinity  of  magnesia  and  volatilr 
J  altalics  tn  acids.    This  cxiMTimnit  is  not  so  easily  accounted  f or  as  thr 

hist;  hilt  I  inia^^inc.  that  th«*  nia^nrsia  is  really  separated  from  the  add 

hy  the  volatile  alt  ali ;  Init  that  it  is  sohible  in  water,  mrhen  united  tosc< 

«  ^Tcat  a  prnportinn  i»f  fi.Nrd  air.  a>  is  contained  in  a  portion  of  volatile  sal 

i  anHiiniiiac.  Mittit  init  tn  s;ttiirat«'  the  s^iine  quantity  of  acid.    The  reason 

whv  the  niixturr  nt  the  -^iihiticm  \A  vnhitilr  sal  ammoniac,  with  the  spirits 

(if  sil  ainiiioiiiat    madr  with  liinr.  prt-cipitates  the  magnesia  from  the 

2  Kpsiiin  Slit,  is  that,  a^  tin-  s]iirit>  made  with  lime  contain  no  fixed  air. 

\  the  inixtiirc  <>f  thc-^-  spirits  with  the  solution  of  volatile  sal  ammoniac 

('(intaiiis  los  air  in  pi()]M'itinn  to  the  (piaiitity  of  acid  which  it  can  saturate, 
than  the  snhitinii  of  \ii|.itilr  sal  anininniac  by  itself  does. 

\'t>lati!r  s:d  ainiiioni.ii  rnpnirs  a  L:rcat  dral  of  u*ater  to  dissolve  it,  and 
the  Mthitinii  has  imt  iirai  ^n  stinn«^'  a  sincll  as  the  spirits  of  sal  anunoniac 

made  with  ti\t-d  altali :  the  naxiii  of  which  is,  that  the  latter  contain 

1 

iniK  h  l<'Ss  tixfd  air.    Ihit  \'(ilati!<-  ^al  aiiinmniar  dissol\-es  in  considerabk 
»    ^  ()iiantitv  in  weak  spirits  nf  ^ai  annnnniai  niadr  with  lime,  and  the  solution 

'  diitVr>  in  no  n-s|N'(  t  from  tin  spiiits  made  with  fixi'd  alcali.    This  is  a  con- 

venient way  of  pKM  mini;  tin-  mild  s]tirits  of  s;d  ammoniac,  as  those  made 
with  fixed  alcali  are  Nldom  t«i  N-  met  with  in  the  shops. 

MxriKtMi  NT  XIV 

riir  (pi.intit  V  of  tixrd  air  coritainrd  in  [x-arl  ashes  was  tried,  by  mixing 
-  a  solntion  of  pearl  as}ir<^  with  diluted  oil  of  vitriol,  in  the  same  manner  as 

Wiis  usfd  for  \-n|atile  ^al  ammMiiia(\  As  nmch  of  the  solution  was  used  as 
contained  .;j^{  .{grains  of  \\\\  jH-arl  ashes.  The  loss  of  effervescence  was 
(^o  /^ntiiis.  The  mixtme.  \\lii<  h  was  |K'rfectly  neutraliz<'d.  being  then  added 
to  a  sntfHient  ipiantity  «»f  lime  water,  in  onler  to  S4'e  whether  it  contained 
any  fixed  air.  a  precij)itate  was  made,  which  Ix'in^drii'd  weighed  8}  grains- 
Therefore,  if  we  snppoM-  this  pre«ij>it;ite  to  contain  as  much  fixed  air  as 
1  an  ecpial  w<'i^ht  of  marble,  which  I  am  well  assured  cannot  differ  very 

considerably  from  the  truth,  the  lixed  air  therein  is  }\  grains,  and  conse- 
(  cpiently  the  air  in  ,52iS|  grains  of  the  |H*arl  ashes,  is  9jJ  grains,  i.e.  -ffj^ 

of  their  weight. 

l^y  another  <'X|x*riment  tried  in  the  siime  way.  they  appeared  to  con- 
.  \  tain  ,'-„^,"„  of  their  weiglit  of  fixed  air. 

155S  grains  of  the  |X'arl  ashes  were  fcnmd  to  siiturate  as  much  acid  as 
looo  grains  of  marble.  Then'fon^  this  parcel  of  jx'arl  ashes  contains  more 
air  in  proportion  to  the  (piantity  of  acid  that  it  ran  saturate,  than  marble 
does,  in  the  proportion  of  109  to  100. 
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Dr.  Black  says,  that,  by  exposing  a  solution  of  salt  of  tartar  for  a  long 
time  to  the  open  air,  some  crystals  were  formed  in  it,  which  seemed  to  be 
nothing  else  than  the  vegetable  alcali  united  to  more  than  its  usual  pro- 
portion of  fixed  air.  This  induced  me  to  try,  whether  I  could  not  perfonn 
the  same  thing  more  expeditiously,  by  furnishing  the  alcali  with  fixed 
air  artificially;  which  I  did  in  the  manner  represented  in  Fig.  6:  where  A 
represents  a  wide-mouthed  bottle,  containing  a  solution  of  pearl  ashes; 
Bi  represents  a  round  wooden  ring  fastened  over  the  mouth  of  the  bottle, 
and  secured  with  luting;  C  is  a  bladder  bound  fight  over  the  wooden  ring. 
This  bladder,  being  first  pressed  close  together,  so  as  to  drive  out  as  much 
of  the  included  air  as  possible,  was  filled  with  fixed  air.  by  means  of  the 
bent  tube  D ;  one  end  of  which  is  fixed  into  the  wooden  ring,  and  the  other 
fastened  into  the  mouth  of  the  bottle  E,  containing  marble  and  spirit  of 
salt.  By  this  means  the  fixed  air  thrown  into  the  bladder  nuxed  with  the 
air  in  the  bottle,  and  came  iji  contact  with  the  fixed  alcali.  The  fixed  air 
was  by  degrees  absorbed,  and  crystals  were  formed  on  the  surface  of  the 
fixed  alcali,  which  were  thrown  to  the  bottom  by  shaking  the  bottle.  When 
the  alcali  had  absorbed  as  much  fixed  air  as  it  would  readily  do,  the 
crystals  were  taken  out  and  dryed  on  filtered  paper,  and  the  remaining 
solution  evaporated;  by  which  means  some  more  crystals  were  procured. 

N.B.  It  seemed,  as,  if  not  all  the  air  discharged  from  the  marble  was 
of  a  nature  proper  to  be  absorbed  by  the  alcali,  but  only  part  of  it;  for 
when  the  alcali  had  absorbed  somewhat  more  than  \  of  the  air  first  thrown 
into  the  bladdei-,  it  would  not  absorb  any  more:  but,  on  pressing  the  re- 
maining air  out  of  the  bladder,  and  supplying  its  place  with  fresh  fixed 
air,  a  good  deaJ  of  this  new  air  was  absorbed.  I  cannot,  however,  speak 
positively  as  to  this  point ;  as  I  am  not  certain  whether  the  apparatus  was 
perfectly  airtight'. 

These  crystals  do  not  in  the  least  attract  the  moisture  of  the  air ;  as  I 
have  kept  some,  during  a  whole  winter,  exposed  to  the  air  in  a  room 
without  a  fire,  without  their  growing  at  all  moist  or  increasing  in  weight. 

Being  held  over  the  fire  in  a  glass  vessel,  they  did  not  melt  as  many 
salts  do,  but  rather  grew  white  and  calcined. 

They  dissolve  in  about  four  times  their  weight  of  water  when  the 
weather  is  temperate,  and  dissolve  in  greater  quantity  in  hot  water  than 
cold. 

>  Pearl  ashes  deprived  of  their  fixed  air.  i.e.  sope  leys,  will  absorb  the  whole  of 
the  air  discharged  from  marble ;  as  I  know  by  experience.  But  yet  it  is  not  improb- 
able, but  that  the  same  alcali,  when  near  saturated  with  fixed  air,  may  be  able  to 
absorb  only  some  particular  part  of  it.  For  as  it  has  been  already  shewn,  that  part 
of  the  air  discharged  from  marble  is  more  soluble  in  water  than  the  rest;  so  it  is  not 
unlikely,  but  that  part  of  it  may  have  a  greater  affinity  to  fixed  alcali,  and  be 
absorbed  by  it  in  greater  quantity  than  the  rest. 
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It  was  found,  by  the  same  method,  that  was  made  use  of  for  the 
volatile  sal  ammoniac,  that  these  crystals  contain  -^^  of  their  weight  of 
fixed  air,  and  that  2035  grains  of  them  saturate  as  much  acid  as  1000 
grains  of  marble.  Therefore  these  crystals  contain  more  air  in  proportion 
to  the  quantity  of  acid  they  saturate,  than  marble  does,  in  the  ratio  of 
211  to  100. 

Experiment  XVI 

.  As  these  crystals  contain  about  as  much  fixed  air  in  proportion  to  the 
quantity  of  acid,  that  they  can  saturate,  as  volatile  sal  ammoniac  does, 
it  was  natural  to  expect,  that  they  should  produce  the  same  effects  with 
a  solution  of  Epsom  salt,  or  a  solution  of  chalk  in  spirit  of  salt;  as  those 
effects  seemed  owing  only  to  the  great  quantity  of  fixed  air  contained  in 
volatile  sal  ammoniac.  This  was  found  to  be  the  real  case :  for  a  solution 
of  these  crystals  in  five  times  their  weight  of  water,  being  dropt  into  a 
solution  of  chalk  in  spirit  of  salt,  the  earth  was  precipitated,  and  an 
effervescence  was  produced.  No  precipitate  was  made  on  dropping  some 
of  the  same  solution  into  a  solution  of  Epsom  salt,  though  the  mixture 
was  kept  upwards  of  twelve  hours.  But,  upon  heating  this  mixture  over 
the  fire,  a  great  deal  of  air  was  discharged,  and  the  magnesia  was  pre- 
cipitated. 


EXPERIMENTS   ON  FACTITIOUS  AIR 

Part  III 

Containing  Experiments  on  the  Air,  produced  by  Fermentation 

and  Putrefaction. 

Mr.  M'Bride  has  already  shewn,  that  vegetable  and  animal  substances 
yield  fixed  air  by  fermentation  and  putrefaction.  The  following  experi- 
ments were  made  chiefly  with  a  view  of  seeing,  whether  they  yield  any 
other  sort  of  air  besides  that. 

Experiment  I 

The  air  produced  from  brown  sugar  and  water,  by  fermentation,  was 
caught  in  an  inverted  bottle  of  sope  leys  in  the  usual  manner,  and  which 
is  represented  in  Fig.  i.  As  the  weather  was  too  cold  to  suffer  the  sugar 
and  water  to  ferment  freely,  the  bottle  containing  it  was  immersed  in 
water,  which,  by  means  of  a  lamp,  was  kept  constantly  at  about  80°  of 
heat.  The  quantity  of  sugar  put  into  the  bottle  was  931  grains:  it  was 
dissolved  in  about  6  J  times  its  weight  of  water,  and  mixed  with  100  grains 
of  yeast,  by  way  of  ferment.  The  empty  space  left  in  the  fermenting 
bottle  and  tube  together  measured  1920  grains.   The  mixture  fermented 
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freely,  and  generated  a  great  deal  of  air,  which  was  forced  up  in  bubbles 
into  the  inverted  bottle,  but  was  absorbed  by  the  sope  leys,  as  fast  as  it 
rose  up.  It  frothed  greatly;  but  none  of  the  froth  or  liquor  ran  over.  In 
about  ten  days,  the  fermentation  seeming  almost  over,  the  vessels  were 
separated,  The  bottle  with  the  fermented  liquor  was  found  to  weigh  412 
grains  less  than  it  did,  before  the  fermentation  began.  As  none  of  the 
liquor  ran  over,  and  as  little  or  no  moisture  condensed  within  the  bent 
tube,  I  think  one  may  be  well  assured,  that  the  loss  of  weight  was  owing 
intirely  to  the  air  forced  into  the  inverted  bottle;  for  the  matter  dis- 
charged, during  the  fermentation,  must  have  consisted  either  of  air,  or 
of  some  other  substance,  changed  into  vapour :  if  this  last  was  the  case, 
I  think  it  could  hardly  have  failed,  but  that  great  part  of  those  vapours 
must  have  condensed  in  the  tube.  The  air  remaining  unabsorbed  in  the 
inverted  bottle  of  sope  leys  was  measured,  and  was  found  to  be  exactly 
equal  to  the  empty  space  left  in  the  bent  tube  and  fermenting  bottle.  It 
appears  therefore,  that  there  is  not  the  least  air  of  any  kind  discharged 
from  the  sugar  and  water  by  fermentation,  but  what  is  absorbed  by  the 
sope  leys,  and  which  may  therefore  be  reasonably  supposed  to  be  fixed 
air.  It  seems  also,  that  no  part  of  the  common  air  left  in  the  fermenting 
bottle  was  absorbed  by  the  fermenting  mixture,  or  suffered  any  change  in 
its  nature  from  thence :  for  a  small  phial  hieing  filled  with  one  part  of  this 
air,  and  two  of  inflammable  air;  the  mixture  went  off  with  a  boimce,  on 
applying  a  piece  of  lighted  paper  to  the  mouth,  with  exactly  the  same 
appearances,  as  far  as  I  could  perceive,  as  when  the  pliial  was  filled  with 
the  same  quantities  of  common  and  inflammable  air. 

The  sugar  used  in  this  experiment  was  moist,  and  was  found  to  lose 
^Yd  paJ^s  of  its  weight  by  drying  gently  before  a  fire.  Therefore  the 
quantity  of  dry  sugar  used  was  715  grains;  and  the  weight  of  the  air  dis- 
charged by  fermentation  appears  to  be  near  412  grains,  i.e.  near  /j'g  parts 
of  the  weight  of  the  dry  sugar  in  the  mixture. 

The  fermented  liquor  was  found  to  have  intirely  lost  its  sweetness;  so 
that  the  vinous  fermentation  seemed  to  be  compleated;  but  it  was  not 
grown  at  all  sour. 

Experiment  II 

The  air,  discharged  from  apple-juice  by  fermentation,  was  tried  exactly 
in  the  same  manner.  The  quantity  set  to  ferment  was  7060  grains,  and 
was  mixed  with  100  grains  of  yeast.  Some  of  the  same  parcel  of  apple- 
juice,  being  evaporated  gently  to  the  consistence  of  a  moderately  hard 
extract,  was  reduced  to  i  of  its  weight;  so  that  the  quantity  of  extract, 
in  the  7060  grains  of  juice  employed,  was  1009  grains.  The  liquor  fer- 
mented much  faster  than  the  sugar  and  water.  The  loss  of  weight  during 
the  fermentation  was  3S4  grains.  The  air  remaining  unabsorbed  in  the 
inverted  bottle  of  sope  leys  was  lost  by  accident,  so  that  it  could  not  be 
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measured;  but,  from  the  space  it  took  up  in  the  inverted  bottle,  I  think 
I  may  be  certain  that  it  could  not  much  exceed  the  empty  space  in  the 
bent  tube  and  fermenting  bottle,  if  it  did  at  all.  Therefore  there  is  no 
reason  to  think  that  the  apple-juice,  any  more  than  the  sugar  and  water, 
produced  any  kind  of  afr  during  the  fermentation,  except  fixed  air.  It 
appears  too,  that  the  fixed  air  was  near  f^  of  the  weight  of  the  extract 
contained  in  the  apple-juice.  The  fermented  Uquor  was  very  sour;  so  that 
it  had  gone  beyond  the  vinous  fermentation,  and  made  some  progress  in 
the  acetous  fermentation. 

In  order  to  compare  more  exactly  the  nature  of  the  afr  produced  from 
sugar  by  fermentation,  with  that  produced  from  marble  by  solution  in 
acids,  I  made  the  three  following  experiments. 

Experiment  III 

I  first  tried  in  what  quantity  the  air  from  sugar  was  absorbed  by  water, 
and  at  the  same  time  made  a  like  experiment  on  the  afr  discharged  from 
marble,  by  solution  in  spirit  of  salt.  This  was  done  exactly  in  the  same 
way  as  the  former  experiments  of  this  kind.  The  result  is  as  follows, 
beginning  with  the  afr  from  sugar  and  water. 

Air  from  sugar  and  water  let  up  ■=  looo. 
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Air  from  marble  let  up  =  1000. 
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The  apparatus  used  in  this  experiment  was  suffered  to  remain  in  the 
same  situation  till  summer,  when  the  thermometer  stood  at  65°.  The  bulk 
of  the  afr  from  sugar,  not  absorbed  by  the  water,  was  then  found  to  be 
287;  so  that  the  matter  had  remitted  235  parts  of  air.  Tlie  bulk  of  the 
air  from  marble  not  absorbed,  was  194;  so  that  85  parts  were  remitted; 
which  is  therefore  a  proof,  that  water  absorbs  less  fixed  air  in  warm 
weather  than  cold. 

It  appears  from  this  experiment,  that  the  afr  produced  from  sugar  by 
fermentation,  as  well  as  that  discharged  from  marble  by  solution  in  acids, 
consists  of  substances  of  different  nature:  part  being  absorbed  by  water 
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in  greater  quantity  than  the  rest.   But,  in  general,  the  air  from  sugar  is 

absorbed  in  greater  quantity  than  that  from  marble. 

In  forcing  the  air  from  sugar  into  the  cylindrical  glass,  no  sensible 

quantity  of  moisture  was  found  to  condense  on  the  surface  of  the  quick- 
lass;  which  is  a  proof  that  no  considerable  quantity 
r  could  fly  off  from  the  sugar  and  water  in  fermen- 


silver,  or  sides  of  the  g 
of  any  thing  except  s 
tation. 


Experiment  IV 


The  specific  gravity  of  the  air  produced  from  sugar  was  found  in  the 
same  way  as  that  produced  from  marble.  A  bladder  holding  102  ounce 
measures,  being  filled  with  this  kind  of  air,  lost  29I  grains  on  forcing  out 
the  air,  the  thermometer  standing  at  62°,  and  the  barometer  at  agj  inches. 
Whence,  supposing  the  outward  air  during  the  trial  of  this  experiment  to 
be  826  times  lighter  than  water,  as  it  should  be,  according  to  the  sup- 
position made  use  of  in  the  former  parts  of  this  paper,  the  air  from  sugar 
should  be  554  times  lighter  than  water.  Its  density  therefore  appears  to 
be  much  the  same  as  that  of  the  air  contained  in  marble ;  as  that  air  ap- 
peared to  be  511  times  lighter  than  wafer,  by  a  trial  made  when  the 
thermometer  was  at  45°;  and  563  times  lighter,  by  another  trial  when  the 
thermometer  was  at  65°. 

This  air  seems  also  to  possess  the  property  of  extinguishing  flame,  in 
much  the  same  degree  as  that  produced  from  marble;  as  appears  from  the 
following  experiment. 

Experiment  V 

A  small  wax  candle  burnt  15"  in  a  receiver  filled  with  -^  of  air  from 
sugar,  the  rest  corrunon  air. 

In  a  mixture  containing  ^f^j  or  -j ,  of  air  from  sugar,  the  rest  common 

air,  the  candle  went  out  immediately.  When  the  receiver  was  tilied  with 
common  air  only,  the  same  candle  burnt  72". 

The  receiver  was  the  same  as  that  used  in  the  former  experiment  of 
this  kind,  and  the  experiment  tried  in  the  same  way,  except  that  the  air 
from  sugar  was  first  received  in  an  empty  bladder,  and  thence  transferred 
into  the  inverted  bottles  of  water,  in  which  it  was  measured :  for  the  air  is 
produced  from  the  sugar  so  slowly,  that,  if  it  had  been  received  in  the 
inverted  bottles  immediately,  it  would  have  been  absorbed  almost  as  fast 
as  it  was  generated. 

It  appears  from  these  experiments,  that  the  air  produced  from  sugar 
by  fermentation,  and  in  all  probability  that  from  all  the  other  sweet  juices 
of  vegetables,  is  of  the  same  kind  as  that  produced  from  marble  by  solution 
in  acids,  or  at  least  does  not  differ  more  from  it  than  the  different  parts 
of  that  air  do  from  each  other,  and  may  therefore  justly  be  called  fixed 
air.    I  now  proceed  to  the  air  generated  by  putrefying  animal  substances. 
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Experiment  VI 

The  air  produced  from  gravy  broth  by  putrefaction,  was  forced  into 
an  inverted  bottle  of  sope  leys,  in  the  same  way  as  in  the  former  experi- 
ment. The  quantity  of  broth  used,  was  7640  grains,  and  was  foimd,  by 
evaporating  some  of  the  same  to  the  consistence  of  a  dry  extract,  to  con- 
tain 163  grains  of  solid  matter.  The  fermenting  bottle  was  immersed  in 
water  kept  constantly  to  the  heat  of  about  96°.  In  about  two  days  the 
fermentation  seemed  intirely  over.  The  liquor  smelt  very  putrid,  and  was 
found  to  have  lost- 11 J  grains  of  its  weight.  The  sope  leys  had  acquired 
a  brownish  colour  from  the  putrid  vapours,  and  a  musty  smell.  The  air 
forced  into  the  inverted  bottle,  and  not  absorbed  by  the  sope  leys, 
measured  6280  grains;  the  air  left  in  the  bent  tube  and  fermenting  bottle 
was  1 100  grains;  almost  all  of  which  must  have  been  forced  into  the 
inverted  bottles :  so  that  this  imabsorbed  air  is  a  mixture  of  about  one  part 
of  conunon  air  and  4^  of  factitious  air. 

This  air  was  foimd  to  be  inflanunable;  for  a  small  phial  being  filled 
with  109  grain  measures  of  it,  and  301  of  conunon  air,  which  comes  to 
the  same  thing  as  90  grains  of  pure  factitious  air,  and  320  of  common  air, 
it  took  fire  on  applying  a  piece  of  lighted  paper,  and  went  off  with  a  gentle 
bounce,  of  much  the  same  degree  of  loudness  as  when  the  phial  was  filled 
with  the  last  mentioned  quantities  of  inflammable  air  from  zinc  and 
common  air.  When  the  phial  was  filled  with  297  grains  of  this  air,  and 
113  of  common  air,  i.e.  with  245  of  pure  factitious  air,  and  165  of  conunon 
air,  it  went  off  with  a  gentle  boimce  on  applying  the  lighted  paper;  but 
I  think  not  so  loud  as  when  the  phial  was  filled  with  the  last-mentioned 
quantities  of  air  from  zinc  and  common  air. 

5500  grain  measures  of  this  air,  i.e.  4540  of  pure  factitious  air,  and 
960  of  common  air,  were  forced  into  a  piece  of  ox-gut  fiUTiished  with  a 
small  brass  cock,  which  I  find  more  convenient  for  trying  the  specific 
gravity  of  small  quantities  of  air,  than  a  bladder:  the  gut  increased  4 J 
grains  in  weight  on  forcing  out  the  air.  ^A  mixture  of  4540  grains  of  air 
from  zinc  and  960  of  conunon  air  being  then  forced  into  the  same  gut,  it 
increased  4f  grains  on  forcing  out  the  air.  So  that  this  factitious  air 
should  seem  to  be  rather  heavier  than  air  from  zinc;  but  the  quantity 
tried  was  too  small  to  afford  any  great  degree  of  certainty. 

N.B.  The  weight  of  4540  grain  measures  of  inflammable  air,  is  ^ 
grains,  and  the  weight  of  the  same  quantity  of  common  air  is  ^-^-^  grains. 

On  the  whole  it  seems  that  this  sort  of  inflanunable  air  is  nearly  of 
the  same  kind  as  that  produced  from  metals.  It  should  seem,  however, 
either  to  be  not  exactly  the  same,  or  else  to  be  mixed  with  some  air 
heavier  than  it,  and  which  has  in  some  degree  the  property  of  extin- 
guishing flame,  like  fixed  air. 

The  weight  of  the  inflammable  air  discharged  from  the  gravy  appears 
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to  be  about  one  grain,  which  is  but  a  small  part  of  the  loss  of  weight  which 
it  suffered  in  putrefaction.  Part  of  the  remainder,  according  to  Mr. 
M'Bride's  experiments,  must  have  been  fixed  air.  But  the  colour  and 
smell,  communicated  to  the  sope  leys,  shew,  that  it  must  have  discharged 
some  other  substance  besides  fixed  and  inflammable  air. 

Raw  meat  also  yields  inflammable  air  by  putrefaction,  but  not  in  near 
so  great  a  quantity,  in  proportion  to  the  loss  of  weight  which  it  suffers, 
as  gravy  does.  Four  ounces  of  raw  meat  mixed  with  water,  and  treated 
in  the  same  manner  as  the  gravy,  lost  about  loo  grains  in  putrefaction; 
but  it  yielded  hardly  more  inflammable  air  than  the  gravy.  This  air 
seemed  of  the  same  kind  as  the  former;  but,  as  the  experiments  were  not 
tried  so  exactly,  they  are  not  set  down. 

I  endeavoured  to  collect  in  the  same  manner  the  air  discharged  from 
bread  and  water  by  fermentation,  but  I  could  not  get  it  to  ferment,  or 
yield  any  sensible  quantity  of  air;  though  I  added  a  little  putrid  gravy 
by  way  of  ferment. 


«  « 
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XI.    Experiments  on  Rathbone-Place  Water:  By  the 

Hon.  Henry  Cavendish,  F.R.S. 

Read  Feb.  19,  1767 

Dr.  Lucas  has  given  a  short  examination  of  this  water  in  the  first  part 
of  his  treatise  of  waters.  It  is  the  produce  of  a  large  spring  at  the  end  of 
Rathbone-Place,  and  used  a  few  years  ago  to  be  raised  by  an  engine  for 
supplying  part  of  the  town.  The  engine  is  now  destroyed;  bi^t  there  is 
a  pump,  nearly  in  the  same  situation,  which  yields  the  same  kind  of  water. 
It  is  the  water  of  this  pump,  which  was  used  in  these  experiments. 

Most  waters,  though  ever  so  transparent,  contain  some  calcareous 
earth,  which  is  separated  from  them  by  boiling,  and  which  seems  to  be 
dissolved  in  them  without  being  neutralized  by  any  acid,  and  may  there- 
fore not  improperly  be  called  their  imneutralized  earth.  The  following 
experiments  were  made  chiefly  with  a  view  of  enquiring  into  the  cause 
of  the  suspension  of  this  earth,  for  which  purpose  this  water  seemed  well 
adapted;  as  it  contains  more  unneutralized  earth  than  most  others. 

These  experiments  were  made  towards  the  latter  end  of  September 
1765,  after  a  very  dry  siunmer;  whereby  the  water  was  most  likely  more 
impregnated  with  saUne  and  other  matters  than  it  usually  is. 

The  water,  at  the  time  I  used  it,  looked  rather  foul  to  the  eye.  On 
exposing  some  of  it  for  a  few  days  to  the^pen  air,  a  scurf  was  formed  on 
its  surface,  which  was  nothing  else  but  some  of  the  imneutralized  earth 
separated  from  the  water.  On  dropping  into  it  a  solution  of  corrosive 
sublimate,  it  grew  cloudy  in  a  few  seconds;  it  quickly  became  opake,  and 
let  fall  a  sediment.  This  is  a  property,  which  I  believe  does  not  take  place, 
in  any  considerable  degree,  in  most  of  the  London  waters. 

Experiment  I 

494  oimces  of  this  water  were  distilled  in  a  copper  still,  till  about 
150  oz.  were  drawn  off.  A  good  deal  of  earth  was  precipitated  during  the 
distillation,  which  being  collected  and  dried,  weighed  271  grains.  It 
proved  to  be  entirely  a  calcareous  earth,  except  a  small  part,  which  was 
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magnesia.  This  I  found  in  the  following  manner.  A  little  of  this  earth, 
being  mixed  with  spirit  of  salt,  dissolved  entirely;  which  shews  it  to  consist 
solely  of  aii  absorbent  earth,  but  does  not  shew  whether  it  is  a  calcareous 
earth  or  magnesia.  The  remainder  was  saturated  with  oil  of  vitriol:  a  great 
deal  of  matter  remained  undissolved,  which,  as  the  earth  was  shewn  to 
be  entirely  of  the  absorbent  kind,  must  have  been  selenite,  or  a  calcareous 
earth  saturated  with  the  oil  of  vitriol.  The  clear  liquor  strained  from  off 
the  selenite  yielded  on  evaporation  only  eighteen  grains  of  solid  matter, 
which  proved  to  be  Epsom  salt;  so  that  all  the  earth,  except  that  con- 
tained in  the  eighteen  grains  of  Epsom  salt,  must  have  been  of  the  cal- 
careous kind.  That  contained  in  the  Epsom  salt  is  well  known  to  be 
magnesia. 

The  water  remaining  after  distillation,  and  from  which  the  earth  was 
separated,  was  evaporated,  first  in  a  silver  pan,  and  afterwards  in  a  glass 
cup,  till  it  was  reduced  to  about  three  ounces.  Not  the  least  earth  was 
precipitated  during  the  evaporation,  till  it  was  reduced  to  a  small  quantity; 
there  then  fell  39  grains,  which  were  entirely  selenite:  so  that  all  the 
unneutralized  earth  in  the  water  was  separated  during  the  distillation. 
The  liquor  thus  evaporated  was  of  a  reddish  colour,  Hke  an  infusion  of  soot. 
Many  waters  contain  a  good  deal  of  neutral  salt  composed  of  the 
nitrous  acid  united  to  a  calcareous  earth;  the  most  convenient  way  of 
ascertaining  the  quantity  of  which,  is  to  drop  a  solution  of  fixed  alcali 
into  the  evaporated  water,  till  all  the  earth  is  precipitated;  whereby  this 
salt  is  changed  into  true  nitre,  and  is  capable  of  being  crystallized.  For 
this  reason,  some  fixed  alcali  was  dropt  into  the  evaporated  water  till  it 
made  no  farther  precipitation.  Tlie  earth  precipitated  thereby  weighed 
thirty-six  grains,  and  was  entirely  magnesia.  The  liquor  was  then  farther 
evaporated,  but  no  nitre  could  be  made  to  shoot:  being  then  evaporated 
to  dryness,  it  weighed  256  grains.  It  gave  not  the  least  signs  of  containing 
any  nitrous  salt,  either  by  putting  some  of  it  upon  hghted  charcoal,  or  by 
making  a  match  with  a  solution  of  it,  but  appeared  to  be  a  mixture  of  sea 
salt  and  vitriolated  tartar,  or  some  other  salt  composed  of  the  vitriolic 
acid.  As  I  have  heard  of  no  other  London  water,  that  has  been  examined 
with  this  view,  but  what  has  been  found  to  contain  a  considerable  pro- 
portion of  nitrous  salt,  it  seems  very  remarkable  that  this  should  be 
intirely  destitute  of  it.  I  now  proceed  to  the  experiments  made  on  the 
disttUed  water. 

The  distilled  water,  especially  that  part  of  it  which  came  over  first, 
became  opake,  and  let  fall  a  precipitate,  on  drop[p]ing  into  it  a  solution  of 
sugar  of  lead.  It  also  became  opake  by  the  addition  of  corrosive  sublimate, 
much  in  the  same  manner  that  the  plain  water  did  before  distillation. 

It  was  found,  by  dropping  into  it  a  little  acid  of  vitriol  and  com?nitting 
it  to  evaporation,  to  contain  a  small  quantity  of  volatile  alcali;  as  it  left 
four  grains  of  a  brownish  salt,  which  being  re-dissolved  in  water,  yielded 
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a  smell  of  volatile  alcali  nn  the  addition  of  lime.  It  is  doubtless  ^ 
volatile  alrali.  whirh  is  tlie  cause  of  the  precipitate,  which  the  disoU^ 
water  niakf>  with  sii^ar  uf  lead  and  corrosive  sublimate. 

Uliat  tirst  tiufjfirstt'd  to  mt-  that  the  distilled  water  contained  a  vclitk 
alcali,  was  tlii'  distilling  snmi'  uf  it  owt  again  in  a  retort;  whereby U: 
first  runnings  wt-n-  so  miuh  impregnated  with  volatile  alcali,  as  to  tc: 
paper  died  with  tin*  juin-  of  bine  flowers,  to  a  green  colour,  and  in  soa 
measure  tu  xni-ld  a  snii-ll  of  volatile  alcali. 

In  thf  fon-Koinf;  <'Xjj<Tiini'nt,  the  salt  procured  from  the  distilled  WK 
was  pcrfcrtly  nrutnil ;  s<>  that  the  quantity  of  acid  employed  was  certaJHT 
not  mnn-  than  sullnii'nl  tt)  sitnratc  the  alcali,  but  it  may  \-ery  liltelyh*'^ 
l»ocn  less;  as  in  that  <a-<-  ihi-  sn]>iTthioits  volatile  alcali  would  haw fic«: 
off  in  the  evaporation.  Tlie  foIIowinK  experiment  shews  pretty  nearivtb 
quantily  of  vnlalik-  alrali  in  the  iHstilled  water. 

Kxi'KklMKNT    II 

Il2fj  ounces  of  Kallibom-plaic  water  were  distilled  in  the  same  mann^ 
as  the  former.  The  distilled  watrr  was  divided  into  two  parcels,  thatparciL 
which  came  over  first  weighing  i_'i  oimccs,  the  other  146.  A  preparatcrr 
experiment  was  first  made,  in  ordi-r  to  form  a  judgement  of  the  comparative 
strength  of  each  pan.l,  and  alsc.  i.f  the  cpiantity  of  acid  which  it  wouk 
require  to  siitiirate  llieni.  This  wa;-  dnm-  by  dropping  sugar  of  lead  inti 
each  parcel  till  it  ceaMil  1i)  niaki'  a  pn-cipitate.  It  was  judged  from  henc 
that  the  first  imrcel  <  oiitained  about  i^  times  as  much  volatile  alcali  a 
an  equal  quantity  of  the  stcoiid.  Into  jo  omues  of  the  first  parcel,  mxt 
with  as  nnich  of  the  second,  was  thin  put  43  grains  of  oil  of  vitriol,  whic 
was  supposed  to  be  about  \  more  than  sutlicient  to  saturate  the  alca 
therein.  The  mixture  was  then  (A-iporated.  When  reduced  to  a  sou 
quantity,  it  was  found  tu  1m-  rather  acid:  sixteen  grains  of  volatile  ss 
ammoniac  were  therefore  aikli-il,  which  seemed  nearly  sufficient  to  net 
tralize  it.  liiing  then  evaporated  to  dryness,  it  left  sixty-six  grains  of 
brownish  salt,  which  dissolved  readily  in  water,  lea\ing  only  a  triflin 
quantity  of  brown  sediment.  .\  little  of  this  s;ilt  was  found  to  tnalce  n 
j)rccipitate  on  the  addition  of  li\e<l  alcali,  and  the  remainder,  being  boik 
with  lime,  was  converted  into  seli'nile;  a  sure  sign  that  the  salt  was  mere) 
vitriolic  ammoniacal  salt.  The  volatile  alcaline  salt  contained  in  sixty-si 
grains  of  vitriolic  ammoniacal  s;ilt  is  ."jSJ  grains;  from  whence  deductir 
sixteen  grains,  the  weight  of  the  volatile  sal  ammoniac  added,  it  appeal 
that  the  distilled  water  used  in  this  experiment  contains  42^  grains  * 
volatile  salt;  and  therefore  the  whole  cpiantity  of  volatile  salt  driven  ovi 
by  distillation  seems  to  be  about  sixty-i'ight  grains,  which,  as  the  secon 
parcel  was  so  much  weaker  than  the  first,  is  probably  nearly  the  who 
volatile  alkali  contained  in  the  watc^r. 
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Dr.  Brownrigg,  in  a  paper  printed  in  the  Philosophical  Transactions, 
for  the  year  1765,  shews  that  a  great  deal  of  fixed  air  is  contained  in  Spa 
water.  This  induced  me  to  try  whether  I  could  not  find  any  in  that  of 
Rathbone-place ;  which  I  did  by  means  of  the  contrivance  represented  in 
the  drawing. 


ACDE  represents  a  tin  pan,  filled  with  Rathbone-place  water  as  high 
as  BG.  HKL  is  another  tin  pan,  within  the  first,  in  the  manner  of  an 
inverted  funnel,  and  made  in  such  a  manner  as  to  leave  as  little  room  as 
possible  between  that  and  the  sides  of  the  outward  vessel.  M  represents 
a  bottle,  full  of  the  same  water,  inverted  over  the  mouth  of  the  funnel. 
By  this  means,  as  fast  as  the  air  is  disengaged  by  heat  from  the  water 
within  the  funnel,  it  must  necessarily  rise  up  into  the  bottle.  The  Rath- 
bone-place water,  put  into  the  vessel,  weighed  411  ounces,  the  funnel  held 
353  ounces.  A  bottle  full  of  water  being  inverted  over  the  mouth  of  the 
funnel,  as  in  the  figure,  the  water  was  heated,  and  kept  boiling  about  ^  of 
an  hour.  As  soon  as  one  bottle  was  filled  with  air,  it  was  removed  by 
putting  a  small  ladle  under  its  mouth,  while  under  water,  and  set  with 
its  mouth  immersed  in  the  same  manner  in  another  vessel  of  water,  taking 
care  not  to  suffer  any  communication  between  the  included  air  and  the 
outward  air  during  the  removal.  At  the  same  time,  another  bottle  full  of 
water  was  inverted  over  the  mouth  of  the  funnel,  in  the  same  manner  as 
the  former.    It  was  not  easy  telling  how  much  air  was  discharged  from 
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the  water ;  as  the  air  in  the  bottles,  when  first  removed,  was  hot  and  ex- 
panded ;  and,  beforo  I  could  be  sure  it  was  cold,  there  was  some  of  it 
absorbed  by  the  water:  but  there  seemed  to  be  above  75  ounce  measar^ 
discharged,  scarce  twenty  of  which  arose  before  the  water  b^an  to  boil 
The  water  continued  discharging  air  after  the  experiment  was  discoo- 
tinued.    In  about  a  day's  time,  much  the  greatest  part  of  the  air  was 
absorbed,  scarce  sixteen  ounce  measures  remaining.     That  ndiich  was 
absorbed  appeared  to  bi.*  fixed  air,  as  the  water  which  had  absorbed  it 
made  a  precipitate  \iith  lime-water.   But,  in  order  to  absorb  all  the  fixed 
air  more  }MTfectly,  the  air  which  remained  not  absorbed  was  transfemd 
into  another  bottle  of  water,  in  the  manner  described  in  my  first  paper  oo 
fa(  titious  air,  page  14^  of  the  preceding  volume^  This  bottle  was  then  set 
with  its  mouth  iuimersi'd  in  a  b<jttle  of  sope-leys;  after  which,  by  shaking 
the  bottle,  tlie  S(jpe-leys  was  mixed  with  the  included  water;  D^ereby  the 
air  in  the  bottle  was  brought  in  contact  with  the  sope-lejrs,  which  is  wdl- 
known  to  absorb  lixed  air  very  readily.  By  this  means  the  air  was  reduced 
r.  to  8J  ounce  measures.    A  small  vial  iK'in^  filled  with  equal  quantities  of 

.■   ,  this  and  inflammable  air,  and  a  pietc  of  li^'hted  {xiper  applied  to  its  mouth, 

it  went  off  with  as  loud  a  bourne,  as  when  the  same  vial  was  filled  with 

■  

equal  quantities  of  common  air  and  inflammable  air.  The  specdfic  gravity 

of  the  remainder  was  tried  by  a  bladder,  in  the  manner  described  in  the 

^  above-menti(»ned  pa(x'r;  as  wi*ll  as  could  be  judged  from   so  small  a 

quantity,  it  was  just  the  s;ime  as  that  of  common  air.    From  these  two 

cireumstam  OS,  I  think  wc  may  fairly  conclude  that  this  unabsorbed  part 

was  intirely  common   air;   consiMiinMitly   the  air  discharged    from  the 

•  Rathbnne-phun*  water  consisted  of  .sj  ounces  of  common  air  and  about 

66  of  lixed  air.    The  air  which  was  discharged  before  the  water  began  to 
'  boil  contained  much  more  common  air,  than  that  which  was  discharged 

afterwards;  that  which  was  discharf>ed  towards  the  latter  end  seeming  to 
containing  scarce  any  but  fixed  air. 

As  so  much  fixed  air  is  discharged  from  this  water  by  boiling,  it  seemed 
'  -^  reasonable  to  suppose,  that  the  distilled  water  should  contain  fixed  air. 

■  I  accordingly  found  it  to  make  a  precipitate  A\4th  lime-water. 

Experiment  IV 

The  following  experiment  shews  that  the  fixed  air  was  not  generated 
during  the  boiling,  but  was  contained  in  the  water  before.  Into  30  oimoes 
of  Rathbone-placc  water  was  poured  some  lime-water,  which  immediately 
made  a  precipitate.  More  lime-water  was  added,  till  it  ceased  to  make 
any  farther  precipitate.  It  required  20J  ounces.  The  precipitated  earth 
being  dried  weighed  39  grains. 

The  unneutralized  earth  contained  in  30  ounces  of  Rathbone-plaoe 
water  is  16^  grains,  and  the  earth  contained  in  20^  ounces  of  lime-water 

*  See  p.  78  of  this  volume. 
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(as  was  found  by  precipitating  the  earth  by  volatile  saJ  ammoniac)  is 
21  grains.  Therefore  the  earth  precipitated  from  the  mixture  of  Rathbone- 
place  water,  and  lime-water,  is  about  equal  to  the  sum  of  the  weights,  of 
the  earth  contained  in  the  lime-water,  and  of  the  unneutralized  earth  in 
the  Rathbone- place  water;  and  consequently  all  the  unneutralized  earth 
seems  to  be  precipitated  from  Rathbone-place  water  by  the  addition  of 
a  proper  quantity  of  lime-water.  But  a  more  convincing  proof  that  this 
is  the  case,  is  that  the  clear  liquor,  after  the  precipitate  had  subsided,  did 
not  deposit  any  earth  on  boiling,  or  become  in  the  least  cloudy  on  the 
addition  of  fixed  alkali ;  whereas  Rathbone-place  water  in  its  natural  state 
becomes  opake  thereby.  It  might  perhaps  be  expected,  that  the  clear  liquor 
should  still  make  a  precipitate  on  the  addition  of  fixed  alcali,  though  the  un- 
neutralized earth  is  precipitated;  as  in  all  probability  there  is  still  a  good 
deal  of  earth  remaining  in  it  in  a  neutralized  state.  The  reason  why  it 
does  not,  seems  to  be,  that  the  remaining  earth  is  most  Hkely  intirely 
magnesia;  and  Epsom  salt,  when  dissolved  in  a  great  quantity  of  water, 
does  not  make  any  precipitate  on  the  addition  of  fixed  alcaii. 

There  is  great  reason  to  suppose  that  the  earth  precipitated  on  mixing 
the  Rathbone-place  water  and  lime-water,  was  very  nearly  saturated  with 
fixed  air,  i.e.  that  it  contained  very  near  as  much  fixed  air,  as  is  naturally 
contained  in  the  same  quantity  of  calcareous  earth.  If  so,  30  ounces  of 
Rathbone-place  water  contain  as  much  fixed  air  as  39  grains  of  calcareous 
earth;  whereas  the  unneutralized  earth,  in  that  quantity  of  water,  is  only 
16J  grains;  so  that  Rathbone-place  water  contains  near  2 J  times  as  much 
fixed  air  as  is  sufficient  to  saturate  the  unneutralized  earth  in  it. 

It  seems  likely  from  hence,  that  the  suspension  of  the  earth  in  the 
Rathbone-place  water,  is  owing  merely  to  its  being  united  to  more  than 
its  natural  proportion  of  fixed  air;  as  we  have  shewn  that  this  earth  is 
actually  united  to  more  than  double  its  natural  proportion  of  fixed  air, 
and  also  that  it  is  immediately  precipitated,  either  by  driving  off  the 
superfluous  fixed  air  by  heat,  or  absorbing  it  by  the  addition  of  a  proper 
quantity  of  lime  water. 

Calcareous  earths,  in  their  natural  state,  i.e.  saturated  with  fixed  air, 
are  totally  insoluble  in  water ;  but  the  same  earths,  entirely  deprived  of 
their  fixed  air,  i.e.  converted  into  lime,  are  in  some  measure  soluble  in  it; 
for  lime-water  is  nothing  more  than  a  solution  of  a  small  quantity  of  hme 
in  water.  It  is  very  remarkable,  therefore,  that  calcareous  earths  should 
also  be  rendered  soluble  in  water,  by  furnishing  them  with  more  than 
their  natural  proportion  of  fixed  air,  i.e.  that  they  should  be  rendered 
soluble,  both  by  depriving  them  of  their  fixed  air,  and  by  furnishing  them 
with  more  than  their  natural  quantity  of  it.  Yet,  strange  as  this  may 
appear,  the  following  experiments,  I  think,  shew  plainly  that  it  is  the 
real  case. 
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Experiment  V 

In  order  to  see  whether  I  could  suspend  a  calcareous  earth  in  water, 
by  furnishing  it  with  more  than  its  natural  proportion  of  fixed  air,  I  took 
30  ounces  of  rain  water,  and  divided  it  into  two  parts :  into  one  part  I  put 
as  much  spirit  of  salt,  as  would  dissolve  30^  grains  of  calcareous  earth, 
and  as  much  of  a  saturated  solution  of  chalk,  in  spirit  of  salt,  as  contained 
20  grains  of  calcareous  earth :  into  the  other  part  I  put  as  much  fixed 
alcali,  as  was  equivalent  to  46y%  grains  of  calcareous  earth,  i.e.  which 
would  saturate  as  much  acid.  This  alcali  was  known  to  contain  as  much 
fixed  air  as  39  grains  of  calcareous  earth.  The  whole  was  then  mixed 
together  and  the  bottle  immediately  stopped.  The  alcali  was  before  said 
to  be  equivalent  to  46^  grains  of  calcareous  earth,  and  was,  therefore, 
sufficient  to  saturate  all  the  spirit  of  salt,  and  also  to  decompoimd  as  much 
of  the  solution  of  chalk  as  contains  16 J  grains  of  earth.  This  mixture, 
therefore,  supposing  I  made  no  mistake  in  my  calculation,  contained  16J 
grains  of  imneutralized  earth,  with  as  much  fixed  air  as  is  contained  in 
39  grains  of  calcareous  earth;  which  is  the  quantity  which  was  found  to 
be  in  the  same  quantity  of  Rathbone-place  water.  The  mixture  became 
turbid  on  first  mixing,  but  the  earth  was  quickly  re-dissolved  on  shaking, 
so  that  the  liquor  became  almost  transparent.  After  standing  some  time, 
a  slight  sediment  fell  to  the  bottom,  leaving  the  Uquor  perfectly  trans- 
parent. The  mixture  was  kept  three  or  four  days  stopped  up,  during 
which  time  it  remained  perfectly  clear,  without  depositing  any  more  sedi- 
ment. The  clear  liquor  was  then  poured  off  from  the  sediment,  and  boiled 
for  a  few  minutes,  in  a  Florence  flask;  it  grew  turbid  before  it  began  to 
boil,  and  discharged  a  good  deal  of  air;  some  earth  was  precipitated  during 
boiling,  which  being  dried  weighed  13  grains. 

This  shews  that  there  was  really,  at  least  13  grains  of  earth  suspended 
in  this  mixture,  without  being  neutralized  by  any  acid;  the  suspension  of 
which  could  be  owing  only  to  its  being  imited  to  more  than  its  natural 
proportion  of  fixed  air.  But,  as  a  fiuiher  proof  of  this,  I  made  the  following 
experiment. 

Experiment  VI 

I  took  the  same  quantities  of  rain  water,  solution  of  chalk,  spirit  of 
salt,  and  fixed^alcaU,  as  in  the  last  experiment,  but  mixed  them  in  a 
different  order.  The  fixed  alcali  was  first  dropped  into  the  spirit  of  salt, 
and  when  the  effervescence  was  over,  was  diluted  with  \  the  rain  water. 
The  solution  of  chalk  was  then  diluted  with  the  remainder  of  the  rain 
water,  the  whole  mixed  together,  and  the  bottle  immediately  stoppered, 
and  shook  vehemently.  A  precipitate  was  immediately  formed  on  mixing, 
which  could  not  be  re-dissolved  on  shaking. 

It  must  be  observed,  that,  in  the  first  of  the  two  foregoing  experi- 
ments, all  the  fixed  air  contained  in  the  alcali  was  retained  in  the  mixture. 
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none  being  lost  by  effervescence;  whereas,  in  the  last  experiment,  the 
greatest  part  of  the  fixed  air  was  dissipated  in  the  effervescence;  no  more 
being  retained  than  what  was  contained  in  that  portion  of  the  fixed  alcali, 
which  was  not  neutralized  by  the  acid ;  and  consequently  the  nnneutralized 
earth,  in  the  mixture,  contained  not  much  more  fixed  air  than  what  was 
sufficient  to  saturate  it.  As  the  latter  of  these  mixtures  differed  no  other- 
wise from  the  former,  than  that  it  contained  less  fixed  air;  the  suspension 
of  the  earth  in  the  former  must  necessarily  be  owing  to  the  fixed  air. 

In  the  two  foregoing  experiments  the  water  contained,  besides  the  un- 
neutraiized  earth,  and  fixed  air,  some  sal  sylvii,  and  a  little  solution  of 
chalk  in  the  marine  acid ;  which,  it  may  be  supposed,  contributed  to  the 
suspension  of  the  earth :  but  the  following  experiment  shews  that  a  cal- 
careous earth  may  be  suspended  in  water,  without  the  addition  of  any 
other  substance  than  fixed  air. 

Experiment  VII 

A  bottle  full  of  rain  water  was  inverted  into  a  vessel  of  rain  water. 
and  some  fixed  air  forced  up  into  the  bottle,  at  different  times,  till  the 
water  had  absorbed  as  much  fixed  air  as  it  would  readily  do;  ii  ounces  of 
this  water  were  mixed  with  6^  of  lime  water.  The  mixture  became  turbid 
on  first  mixing,  but  quickly  recovered  its  transparency,  on  shaking,  and 
has  remained  so  for  upwards  for  a  year. 

This  mixture  contains  7  grains  of  calcareous  earth;  and,  from  a  sub- 
sequent experiment,  I  guess  it  to  contain  as  much  fixed  air,  as  there  is  in 
14  grains  of  calcareous  earth. 

Experiment  VIII 
Least  it  should  be  supposed,  that  the  reason  why  the  earth  was  not 
precipitated  in  the  foregoing  experiment,  was,  that  it  was  not  furnished 
with  a  sufficient  quantity  of  fixed  air,  the  following  mixture  was  made. 
which  contains  the  same  proportion  of  earth  as  the  former,  but  a  less 
proportion  of  fixed  air:  4J  ounces  of  the  above-mentioned  water,  con- 
taining fixed  air,  were  diluted  with  b\  of  rain  water,  and  then  mixed  with 
6J  ounces  of  limewater.  A  precipitate  was  immediately  made  on  mixing, 
which  could  not  be  re-dissolved  on  shaking. 

Experiment  IX 
I  made  some  experiments  to  find  whether  the  imneutralized  earth 
could  be  precipitated  from  other  London  waters,  by  the  addition  of  lime 
water,  as  well  as  from  Rathbone-place  water.  It  is  necessary  for  this 
purpose,  that  the  quantity  of  lime  water  should  be  adjusted  very  exactly; 
for,  if  it  is  too  tittle,  it  does  not  precipitate  all  the  unneutralized  earth; 
if  it  is  too  great,  some  of  the  earth  in  the  lime  water  remains  suspended. 
For  this  reason,  as  I  found  it  almost  impossible  to  adjust  the  quantity 
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with  sufficient  exactness,  I  added  such  a  quantity  of  lime  water,  as  I  was 
well  assured,  was  more  than  sufficient  to  precipitate  the  whole  of  the  im- 
neutralized  earth;  and  when  the  precipitate  was  subsided,  decanted  off 
the  clear  liquor,  and  exposed  it  to  the  open  air,  till  all  the  lime  remaining 
in  the  water  was  precipitated,  by  attracting  fixed  air  from  the  atmosphere. 
The  clear  liquor  was  then  decanted  and  evaporated,  which  is  much  the 
most  exact  way  I  know  of  seeing  whether  any  unneutralized  earth  remains 
suspended  in  the  water.  The  result  of  the  experiments  was  as  follows: 

200  oimces  of  water,  from'  a  pump  in  Marlborough-street,  were  mixed 
with  38  ounces  of  lime  water.  The  earth  precipitated  thereby  weighed 
38  grains.  The  clear  liquor,  exposed  to  the  air,  and  evaporated  in  a  silver 
pan  till  it  was  reduced  to  6  or  7  ounces,  deposited  no  more  than  2  or  3 
grains  of  unneutralized  earth. 

A  like  quantity  of  the  same  pump  water,  evaporated  by  itself  without 
the  addition  of  lime  water,  deposited  about  19  grains  of  imneutralized 
earth. 

200  ounces  of  water,  from  a  pump  in  Hanover-square,  being  mixed 
with  67  ounces  of  lime  water,  the  precipitate  weighed  93  grains.  The 
clear  liquor,  treated  in  the  same  way  as  the  former,  deposited  about 
2  grains  of  earth.  200  ounces  of  the  same  water,  evaporated  by  itself, 
deposited  28  grains  of  earth. 

The  same  quantity  of  water  from  a  pump  in  St.  Martin's  church-yard, 
being  mixed  with  82  oimces  of  lime  water,  the  precipitate  weighed  108 
grains.  The  clear  liquor  deposited  scarce  any  unneutralized  earth  on 
evaporation. 

The  same  quantity  of  water,  evaporated  by  itself,  yielded  45  grains 
of  unneutralized  earth. 

The  way,  by  which  I  found  the  quantity  of  imneutralized  earth  de- 
posited on  evaporation,  was,  after  having  decanted  the  clear  liquor,  and 
washed  the  residuum  with  rain  water,  to  pour  a  little  spirit  of  salt  into 
the  silver  pan,  which  dissolves  all  the  calcareous  earth,  but  does  not 
corrode  the  silver.  Then,  having  separated  the  solution  from  the  in- 
soluble matter,  the  earth  was  precipitated  by  fixed  alcali. 

In  this  way  of  finding  the  quantity  of  imneutralized  earth,  care  must 
be  taken  to  add  very  little  more  acitt  than  is  necessary  to  dissolve  the 
unneutralized  earth,  and  to  usie  as  little  water  in  washing  out  the  solution 
as  possible ;  for  otherwise  a  good  deal  of  the  selenite,  which  is  deposited 
in  the  evaporation  of  most  water[s],  will  be  dissolved;  the  earth  of  which 
will  be  precipitated  by  the  fixed  alcali,  and  by  that  means  make  the 
quantity  of  unneutralized  earth  appear  greater  than  it  really  is. 

It  appears  from  these  experiments,  that  the  unneutralized  earth  is 
intirely  precipitated  from  these  three  waters,  by  the  addition  of  a  proper 
quantity  of  lime  water;  as  the  trifling  quantity  foimd  to  be  deposited,  on 
the  evaporation  of  two  of  them,  most  likely  proceeded  only  from  not 
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exposing  the  water  to  the  air,  long  enough  for  all  the  lime  to  be  pre- 
cipitated. So  that  I  think  it  seems  reasonable  to  conclude,  that  the  un- 
neutralized  earth,  in  all  waters,  is  suspended  merely  by  being  luiited  to 
more  than  its  natural  proportion  of  fixed  air. 

To  return  to  Rathbone-place  water;  it  appears  from  the  foregoing 
experiments,  that  one  pint  of  it,  or  7315  grains,  contains,  first,  as  much 
volatile  alcali  as  is  equivalent  to  about  -j%  grains  of  volatile  sal  ammoniac: 
secondly,  8^  grains  of  unneutralized  earth,  a  very  small  part  of  which  is 
magnesia,  the  rest  a  calcareous  earth :  thirdly,  as  much  fixed  air,  including 
that  in  the  unneutralized  earth,  as  is  contained  in  iQy^  grains  of  calcareous 
earth :  fourthly,  i^^  of  selenite :  fifthly,  7y^  of  a  mixture  of  sea  salt,  and 
Epsom  salt;  and  the  whole  solid  contents  of  i  pint  of  the  water  is  17J 
grains. 

One  pint  of  water,  from  the  pump  in  Marlborough-street,  contains 
i-,^  grains  of  unneutralized  earth,  and  as  much  fixed  air  as  is  contained 
in  2y®^  grains  of  calcareous  earth. 

The  same  quantity  of  water,  from  the  pump  in  Hanover-square,  con- 
tains 2^  grains  of  unneutralized  earth,  with  as  much  fixed  air  as  is 
contained  in  7^  of  earth. 

The  same  quantity  of  water,  from  St.  Martin's  Church-yard,  contains 
3-j^  grains  of  unneutralized  earth,  with  as  much  fixed  air  as  is  contained 
in  83%  of  earth. 
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XXI.    An  Account  of  the  Meteorological  Instruments 

•  ^^ 

used  at  the  Royal  Society's  House.    By  the  Hon. 
Henry  Cavendish,  F.R.S. 

Read  March  14th,  1776 

Of  the  thermometers,  with  reflections  concerning  some  precau- 
tions necessary  to  be  used  in  making  experiments  with  those 
instruments,  and  in  adjusting  their  fixed  points. 

iHE  thermometers  are  both  adjusted  to  Fahrenheit's  scale:  that  with- 
out doors  is  placed  out  of  a  two-pair-of-stairs  window,  looking  to  the 
North,  and  stands  about  two  or  three  inches  from  the  wall,  that  it  may  be 
the  more  exposed  to  the  air,  and  the  less  affected  by  the  heat  and  cold  of 
the  house.  The  situation  is  tolerably  airy,  as  neither  the  buildings  opposite 
to  it,  nor  those  on  each  side,  are  elevated  above  it  in  an  angle  of  more 
than  12°;  but  as  the  opposite  building  is  only  twenty-five  feet  distant, 
perhaps  the  heat  may  be  a  little  increased  at  the  time  of  the  afternoon 
observation  by  the  reflection  from  thence.  In  the  middle  of  summer  the 
Sun  shines  on  the  wall  of  the  house,  against  which  the  thermometer  is 
fixed,  for  an  hour  or  two  before  the  morning  observation,  but  never  shines 
on  the  thermometer  itself,  or  that  part  of  the  wall  close  to  it,  except  in 
the  afternoon,  long  after  the  time  of  observing.  On  the  whole,  the  situa- 
tion is  not  altogether  such  as  could  be  wished,  but  is  the  best  the  house 
afforded. 

The  thermometer  within  doors  i^  intended  chiefly  for  correcting  the 
heights  of  the  barometer,  and  is  therefore  placed  close  to  it.  The  room 
in  which  it  is  kept  looks  to  the  North,  and  has  sometimes  a  fire  in  it,  but 
not  often. 

It  has  been  too  common  a  custom,  both  in  making  experiments  with 
thermometers  and  in  adjusting  their  fixed  points,  to  pay  no  regard  to  the 
heat  of  that  part  of  the  quicksilver  which  is  contained  in  the  tube,  though 
this  is  a  circumstance  which  ought  by  no  means  to  be  disregarded ;  for  a 
thermometer,  dipped  into  a  liquor  of  the  heat  of  boiling  water,  will  stand 
at  least  2°  higher,  if  it  is  immersed  to  such  a  depth  that  the  quicksilver 
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in  the  tube  is  heated  to  the  same  degree  as  that  in  the  ball,  than  if  it  is 
immersed  no  lower  than  the  freezing  point,  and  the  rest  of  the  tube  is  not 
much  warmer  than  the  air.  The  only  accurate  method  is,  to  take  care 
that  all  parts  of  the  quicksilver  should  be  heated  equally.  For  this  reason, 
in  trying  the  heat  of  liquors  much  hotter  or  colder  than  the  air,  the 
thermometer  ought,  if  possible,  to  be  immersed  almost  as  far  as  to  the 
top  of  the  column  of  quicksilver  in  the  tube.  As  this,  however,  would 
frequently  be  attended  with  great  inconvenience,  the  observer  will  often 
be  obliged  to  content  himself  with  immersing  it  to  a  much  less  depth; 
but  then,  as  the  quicksilver  in  a  great  part  of  the  tube  will  be  of  a  different 
heat  from  that  in  the  ball,  it  will  be  necessary  to  apply  a  correction  on 
that  account  to  the  heat  shewn  by  the  thermometer;  to  facilitate  which 
the  following  table  is  given,  in  which  the  upper  horizontal  line  is  the 
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length  of  the  column  of  quicksilver  contained  in  that  part  of  the  tube 
which  is  not  immersed  in  the  liquor  expressed  in  degrees;  the  first  per- 
pendicular column  is  the  supposed  difference  of  heat  of  the  quicksilver  in 
that  part  of  the  tube  and  in  the  ball ;  and  the  corresponding  numbers  in 
the  table  shew  how  much  higher  or  lower  the  thermometer  stands  than 
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it  ought  to  do.  The  foundation  on  which  the  table  is  computed  is,  that 
quicksilver  expands  one  11500th  part  of  its  bulk  by  each  degree  of  heat. 

But  as  the  generality  of  observers  will  be  apt  to  neglect  this  correction, 
it  would  be  proper  to  form  two  sets  of  divisions  on  such  thermometers  as 
are  intended  for  trying  the  heat  of  liquors;  one  of  which  should  be  used 
when  the  tube  is  immersed  almost  to  the  top  of  the  column  of  quicksilver; 
and  the  other,  when  not  much  more  than  the  ball  is  immersed ;  in  which 
last  case  the  observer  should  be  careful,  that  the  tube  should  be  as  little 
heated  by  the  steam  of  the  liquor  as  possible.  It  must  be  observed,  how- 
ever, that  the  heat  of  the  liquor  may  be  estimated  with  much  more  ac- 
curacy by  the  first  set  of  divisions,  with  the  help  of  the  correction,  than 
it  can  by  the  second  set,  as  the  latter  method  is  just  only  in  one  particular 
heat  of  the  atmosphere,  namely,  that  to  which  the  divisions  are  adapted ; 
but,  if  they  are  adapted  to  the  mean  heat  of  the  climate  for  which  the 
thermometer  is  intended,  the  error  can  never  be  very  great,  and,  when 
the  liquor  is  much  hotter  or  colder  than  the  air  of  that  climate  ever  is, 
will  be  much  less  than  if  the  first  set  of  divisions  were  used  without  any 
correction;  but,  when  the  liquor  is  within  the  limits  of  the  heat  of  the 
atmosphere,  greater  accuracy  will  sometimes  be  obtained  by  using  the  first 
set  of  divisions  than  the  second,  for  which  reason  the  latter  set  should  not 
be  continued  within  those  Umits.  I  would  willingly  have  given  rules  for 
the  construction  of  this  second  set  of  divisions,  but  am  obliged  to  omit  it, 
as  it  cannot  be  done  properly  without  first  determining,  by  experiment, 
how  much  the  quicksilver  in  the  tube  is  heated  by  inunersing  the  ball  in 
hot  liquors. 

In  a  spirit  thermometer,  the  error  proceeding  from  the  fluid  in  the  tube 
being  not  of  the  same  heat  as  that  in  the  ball,  is  much  greater;  as  spirits 
of  wine  expand  much  more  by  heat  than  quicksilver:  for  which  reason 
spirit  thermometers  are  not  so  proper  for  trying  the  heat  of  liquors  as 
those  of  quicksilver. 

Another  circimistance  which  ought  to  be  attended  to  in  adjusting  the 
boiling  point  of  a  thermometer  is,  that  the  ball  should  not  be  immersed 
deep  in  the  water;  for,  if  it  is,  the  fluid  which  surrounds  it  will  be  com- 
pressed by  considerably  more  than  the  weight  of  the  atmosphere,  and  will 
therefore  acquire  a  sensibly  greater  heat  than  it  would  otherwise  do. 
The  most  convenient  vessel  I  know  for  adjusting  the  boiling  point  is 
represented  in  Fig.  i.  A  BCD  is  the  vessel;  AB  the  cover,  made  to  take 
on  and  off  readily;  E  a  chimney  to  carry  off  the  steam;  FG  the  thermo- 
meter, passed  through  a  hole  Mm  in  the  cover,  and  resting  in  a  little  bag 
fastened  to  the  wire  HK,  intended  to  prevent  the  ball  from  being  broken 
by  accidentally  falling  to  the  bottom.  This  wire  is  made  so  as  to  be  raised 
higher  or  lower  at  pleasure,  and  must  be  placed  at  such  a  height  that  the 
boiling  point  shall  rise  very  little  above  the  cover.  The  hole  Mm  is  stopped 
with  bits  of  cork  or  tow.   By  this  means,  as  the  tube  is  inclosed  in  a 
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vessel  intircly  filled  with  the  steam  of  boiling  water,  the  quicksilver  in  it 
is  heated  to  the  same  degree  as  that  in  the  ball;  and  besides,  that  part  of 
the  tube,  on  which  the  boiling  point  is  to  be  placed,  is  defended  from  the 
vapour,  so  that  it  is  easy  making  a  mark  on  the  glass  with  ink.  If  such 
a  vessel  as  this  is  used,  the  thermometer  will  be  found  to  stand  not  sensibly 
higher  when  the  water  boils  vehemently  than  when  it  boils  gently;  and 
if  the  mouth  of  the  chimney  is  covered  by  any  light  body,  in  such  manner 
as  to  leave  no  more  passage  for  the  steam  than  what  is  necessary  to 
prevent  the  body  from  being  blown  off  by  the  pressure  of  the  included 
vapour,  the  thermometer  will  stand  only  half  or  three  quarters  of  a  degree 
higher,  if  the  ball  is  immersed  a  httle  way  in  the  water,  than  if  it  is  ex- 
posed only  to  the  steam.  But  if  the  covering  of  the  chimney  is  removed, 
the  thermometer  will  immediately  sink  several  degrees,  when  the  ball  is 
exposed  only  to  the  steam,  at  least  if  the  cover  does  not  fit  close;  whereas 
when  the  ball  is  immersed  in  the  water,  the  removal  of  the  covering  has 
scarce  any  effect  upon  it.  Whence  it  appears,  that  the  steam  of  water 
boiling  in  a  vessel,  from  which  the  air  is  perfectly  excluded,  is  a  Httle  but 
not  much  cooler  than  the  water  itself,  but  is  considerably  so  if  the  air  has 
the  least  admission  to  the  vessel.  Perhaps  a  still  more  convenient  method 
of  adjusting  the  boiling  point  would  be  not  to  immerse  the  ball  in  the 
water  at  all.  but  to  expose  it  only  to  the  steam,  as  thereby  the  trouble  of 
keeping  the  water  in  the  vessel  to  the  right  depth  would  be  avoided ;  and 
besides,  several  thermometers  might  be  adjusted  at  the  same  time,  which 
cannot  be  done  with  proper  accuracy  when  they  are  immersed  in  the 
water,  unless  the  distance  of  the  boiling  point  from  the  ball  is  nearly  the 
same  in  all  of  them.  At  present  there  is  so  little  uniformity  observed  in 
the  manner  of  adjusting  thermometers,  that  the  boiling  points,  in  instru- 
ments made  by  our  best  artists,  differ  from  one  another  by  not  less  than 
2j°;  owing  partly  to  a  difference  in  the  height  of  the  barometer  at  which 
they  were  adjusted,  and  partly  to  the  quicksilver  in  the  tube  being  more 
heated  in  the  method  used  by  some  persons  than  in  that  used  by  others. 
It  is  very  much  to  be  wished,  therefore,  that  some  means  were  used  to 
establish  an  uniform  method  of  proceeding;  and  there  are  none  which 
seem  more  proper,  or  more  likely  to  be  effectual,  than  that  the  Royal 
Society  should  take  it  into  consideration,  and  recommend  that  method 
of  proceeding  which  shall  appear  to  them  to  be  most  expedient. 


Of  the  barometer,  rain-gage,  wind,  and  hygrometer. 

The  barometer  is  of  the  cistern  kind,  and  the  height  of  the  quicksilver 
is  estimated  by  the  top  of  its  convex  surface,  and  not  by  the  edge  where 
it  touches  the  glass,  the  index  being  properly  adapted  for  that  purpose. 
This  manner  of  observing  appears  to  me  more  accurate  than  the  other; 
because  if  the  quicksilver  should  adhere  less  to  the  tube,  or  be  less  convex 
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at  one  time  than  another,  the  edge  will,  in  all  probability,  be  more  affected 
by  this  inequality  than  the  surface.  I  prefer  the  cistern  to  the  syphon 
barometer,  because  both  the  trouble  of  observing  and  error  of  observation 
are  less;  as  in  the  latter  we  are  liable  to  an  error  in  observing  both  legs. 
Moreover,  the  quicksilver  can  hardly  fail  of  settling  truer  in  the  former 
than  in  the  latter ;  for  the  error  in  the  settling  of  the  quicksilver  can  proceed 
only  from  the  adhesion  of  its  edge  to  the  sides  of  the  tube ;  now  the  latter 
is  affected  by  the  adhesion  in  two  legs,  and  the  former  by  that  in  only 
one :  and,  besides,  as  the  air  has  necessarily  access  to  the  lower  leg  of  the 
syphon  barometer,  the  adhesion  of  the  quicksilver  in  it  to  the  tube  will 
most  likely  be  different,  according  to  the  degree  of  dryness  or  cleanness 
of  the  glass.  It  is  true,  as  Mr.  De  Luc  observes,  that  the  cistern  barometer 
does  not  give  the  true  pressure  of  the  atmosphere ;  the  quicksilver  in  it 
being  a  little  depressed  on  the  same  principle  as  in  capillary  tubes.  But 
this  does  not  appear  to  me  a  sufficient  reason  for  rejecting  the  use  of 
them.  It  is  better,  I  think,  where  so  much  nicety  is  required,  to  deter- 
mine, by  experiment,  how  much  the  quicksilver  is  depressed  in  tubes  of 
a  given  bore,  and  to  allow  accordingly. 

By  some  experiments  which  have  been  made  on  this  subject  by  my 
father  Lord  Charles  Cavendish,  the  depression  appears  to  be  as  in  the 
following  table : 

Grains  of 


Inside 

diameter 

of  tube 

(Quicksilver 

in  one  inch 

of  tube 

Depress,  of 
surface  of 
quicksilver 

Inside 
diameter 

Grains  of 
quicksilver 

Depress,  of 
surface 

Inside 
diameter 

Grains  of 
quicksilver 

Depress,  of 
surface 

.6 

972 

.005 

.35 

331 

,025 

.20 

108 

.067 

.5 

675 

,007 

.30 

243 

.036 

.15 

6i 

.092 

.4 

432 

.015 

.25 

169 

.050 

.10 

27 

1.40 

The  first  column  is  the  inside  diameter  of  the  tube,  expressed  in  deci- 
mals of  an  inch;  the  second  is  the  weight  of  a  quantity  of  quicksil\-er 
sufficient  to  fill  one  inch  in  length  of  it ;  and  the  third  is  the  corresponding 
depression  of  the  convex  surface  of  the  quicksilver  in  a  cistern  barometer, 
whoso  tube  is  of  that  size.  The  reason  of  giving  the  second  column  is, 
because  the  easiest  way  of  ascertaining  the  inside  diameter  of  the  tube  is, 
by  finding  the  quantity  of  quicksilver  sufficient  to  fill  a  given  length  of 
it.  It  is  needless  sa\ing,  that  the  part  of  the  tube,  whose  diameter  is  to 
be  measured,  is  that  answering  to  the  upper  part  of  the  colunm  of  quick- 
silver; and  that  the  table  can  be  of  no  use  but  to  those  onlv  who  observe 
bv  the  convex  surface. 

In  this  barometer,  the  inside  diameter  of  the  tube  is  about  .25  of  an 
inch,  and  consequently  the  depression  is  .05 ;  the  area  of  the  cistern  is  near 
120  times  as  great  as  that  of  the  bore  of  the  tube;  so  that  as  the  quantity 
of  quicksilver  >\*as  adjusted  when  the  barometer  stood  at  29},  the  error 
arising  from  the  alteration  of  the  height  of  the  quicksil\-er  in  the  cistern 
can  scarce  ex'er  amount  to  so  much  as  j^th  of  an  inch.   As  the  tube  ap- 
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peared  to  be  well  filled,  it  was  thought  unnecessary  to  have  the  quicksilver 
boiled  in  it ;  but  that  is  certainly  the  surest  way  of  filling  a  barometer  well. 

The  principal  reason  of  setting  down  the  mean  heat  of  the  thermo- 
meter within  doors,  during  each  month,  in  the  journal  of  the  weather,  is 
this:  suppose  that  any  one  desires  to  iind  the  mean  height  of  the  baro- 
meter in  any  month,  corrected  on  account  of  the  heat  of  the  quicksilver 
in  the  tube;  that  is,  to  Iind  what  would  have  been  the  mean  height,  if  the 
quicksilver  in  the  tube  had  been  constantly  of  a  certain  given  heat.  To 
do  this  it  is  sufficient  to  take  the  mean  height  of  the  barometer,  and 
correct  that  according  to  the  mean  heat  of  the  thermometer;  the  result 
will  be  exactly  the  same  as  if  each  observation  had  been  corrected  separ- 
ately, and  a  mean  of  the  corrected  observations  taken.  For  example, 
suppose  it  is  desired  to  find  what  would  have  been  the  mean  height  of  the 
barometer  in  the  month  of  August  1775,  if  the  quicksilver  during  that 
time  had  been  always  at  50  degrees  of  heat:  the  mean  of  the  observed 
heights  is  29,86  inches,  and  the  mean  heat  of  the  thermometer  is  65°  or 
50  +  15.  The  alteration  of  the  height  of  the  barometer  by  15°  of  heat, 
according  to  M.  De  Luc's  rule,  is  ,047  inch;  consequently,  the  corrected 
mean  height  is  29,813. 

The  vessel  which  receives  the  rain  is  a  conical  funnel,  strengthened  at 
the  top  by  a  brass  ring,  twelve  inches  in  diameter.  The  sides  of  the  funnel 
and  inner  lip  of  the  brass  ring  are  inclined  to  the  horizon,  in  an  angle  of 
above  65°;  and  the  outer  lip  in  an  angle  of  above  50°';  which  are  such 
degrees  of  steepness,  that  there  seems  no  probability  either  that  any  rain 
which  falls  within  the  funnel,  or  on  the  inner  lip  of  the  ring,  should  dash 
out,  or  that  any  which  falls  on  the  outer  lip  should  dash  into  the  fxmnel. 
This  vessel  is  placed  on  some  flat  leads  on  the  top  of  the  Society's  House. 
It  can  hardly  be  screened  from  any  rain  by  the  chimnies.  as  none  of  them 
are  elevated  above  it  in  an  angle  of  more  than  25°;  and  as  it  is  raised 
3j  feet  above  the  roof,  there  seems  no  danger  of  any  rain  dashing  into  it 
by  rebounding  from  the  lead. 

The  strength  of  the  wind  is  divided  in  the  journal  into  three  degrees; 
namely,  gentle,  brisk,  and  \'iolent  or  stormy,  which  are  distinguished  by 
the  figures  i,  2,  and  3,  Wlien  there  is  no  sensible  wind  it  is  distinguished 
by  a  cypher. 

In  the  future  journals  of  the  weather  will  be  given  observations  of  the 
hygrometer.  The  instrument  intended  to  be  used  is  of  Mr.  Sraeaton's 
construction,  and  is  described  in  Phil.  Trans,  vol.  LXl.  p.  198.  It  is  kept 
in  a  wooden  case,  made  so  as  to  exclude  the  rain,  but  to  leave  a  free 
passage  for  the  wind,  and  placed  in  the  open  air.  where  the  Sun  scarce 
ever  shines  on  it.    The  instrument  and  case  are  both  a  present  to  the 

'  To  make  what  is  here  said  the  more  intelligible,  there  is,  in  Fig.  2,  given  a. 
vertical  section  of  the  funnel,  ABC  and  abc  being  the  bra^  ring,  BA  and  ba  the 
inner  lip,  and  BC  and  bo  the  outer. 
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Experiment  V 


In  order  to  see  whether  I  could  suspend  a  calcareous  earth  in  water, 
by  furnishing  it  with  more  than  its  natural  proportion  of  fixed  air,  I  took 
30  ounces  of  rain  water,  and  divided  it  into  two  parts:  into  one  part  I  put 
as  much  spirit  of  salt,  as  would  dissolve  30fSj  grains  of  calcareous  earth, 
and  as  much  of  a  saturated  solution  of  chalk,  in  spirit  of  salt,  as  contained 
20  grains  of  calcareous  earth :  info  the  other  part  I  put  as  much  fixed 
alcali,  as  was  equivalent  to  46^^  grains  of  calcareous  earth,  i.e.  which 
would  saturate  as  much  acid.  This  alcah  was  known  to  contain  as  much 
fixed  air  as  39  grains  of  calcareous  earth.  The  whole  was  then  mixed 
together  and  the  bottle  immediately  stopped.  The  alcali  was  before  said 
to  be  equivalent  to  463^  grains  of  calcareous  earth,  and  was,  thereforp, 
sufficient  to  saturate  all  the  spirit  of  salt,  and  also  to  decompound  as  much 
of  the  solution  of  chalk  as  contains  16J  grains  of  earth.  This  mixture, 
therefore,  supposing  I  made  no  mistake  in  my  calculation,  contained  i6i 
grains  of  unneutralized  earth,  with  as  much  fixed  air  as  is  contained  in 
39  grains  of  calcareous  earth ;  which  is  the  quantity  which  was  found  to 
be  in  the  same  quantity  of  Rathbone-place  water.  The  mixture  became 
tuibid  on  first  mixing,  but  the  earth  was  quickly  re-dissolved  on  shaking, 
so  that  the  liquor  became  almost  transparent.  After  standing  some  time, 
a  slight  sediment  fell  to  the  bottom,  leaving  the  liquor  perfectly  trans- 
parent. The  mixture  was  kept  three  or  four  days  stopped  up,  during 
which  time  it  remained  perfectly  clear,  without  depositing  any  more  sedi- 
ment. The  clear  liquor  was  then  poured  off  from  the  sediment,  and  boiled 
for  a  few  minutes,  in  a  Florence  flask ;  it  grew  turbid  before  it  began  to 
boil,  and  discharged  a  good  deal  of  air;  some  earth  was  precipitated  during 
boiling,  which  being  dried  weighed  13  grains. 

This  shews  that  there  was  really,  at  least  13  grains  of  earth  suspended 
in  this  mixture,  without  being  neutralized  by  any  acid;  the  suspension  of 
which  could  be  owing  only  to  its  being  united  to  more  than  its  natural 
proportion  of  fixed  air.  But,  as  a  further  proof  of  this,  I  made  the  following 
experiment. 

Experiment  VI 

I  took  the  same  quantities  of  rain  water,  solution  of  chalk,  spirit  of 
salt,  and  fixed'alcaU,  as  in  the  last  experiment,  but  mixed  them  in  a 
different  order.  The  fixed  alcali  was  first  dropped  into  the  spirit  of  salt, 
and  when  the  effervescence  was  over,  was  diluted  with  ^  the  rain  water. 
The  solution  of  chalk  was  then  diluted  with  the  remainder  of  the  rain 
water,  the  whole  mixed  together,  and  the  bottle  immediately  stoppered, 
and  shook  vehemently.  A  precipitate  was  immediately  formed  on  mixing, 
which  could  not  be  re-dissolved  on  shaking. 

It  must  be  observed,  that,  in  the  first  of  the  two  foregoing  experi- 
ments, all  the  fixed  air  contained  in  the  alcali  was  retained  in  the  mixture. 
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none  being  lost  by  effervescence;  whereas,  in  the  last  experiment,  the 
greatest  part  of  the  fixed  air  was  dissipated  in  the  effervescence;  no  more 
being  retained  than  what  was  contained  in  that  portion  of  the  fixed  aJcali, 
which  was  not  neutralized  by  the  acid;  and  consequently  the  imneutralized 
earth,  in  the  mixture,  contained  not  much  more  fixed  air  than  what  was 
sufficient  to  saturate  it.  As  the  latter  of  these  mixtures  differed  no  other- 
wise from  the  former,  than  that  it  contained  less  fixed  air;  the  suspension 
of  the  earth  in  the  former  must  necessarily  be  owing  to  the  fixed  air. 

In  the  two  foregoing  experiments  the  water  contained,  besides  the  un- 
neufralized  earth,  and  fixed  air,  some  sal  sylvii,  and  a  Uttle  solution  of 
chalk  ill  the  marine  acid ;  which,  it  may  be  supposed,  contributed  to  the 
suspension  of  the  earth :  but  the  following  experiment  shews  that  a  cal- 
careous earth  may  be  suspended  in  water,  without  the  addition  of  any 
other  substance  than  fixed  air. 

Experiment  VII 

A  bottle  full  of  rain  water  was  inverted  into  a  vessel  of  rain  water, 
and  some  fixed  air  forced  up  into  the  bottle,  at  different  times,  till  the 
water  had  absorbed  as  much  fixed  air  as  if  would  readily  do;  11  ounces  of 
this  water  were  mixed  with  6J  of  lime  water.  The  mixture  became  turbid 
on  first  mixing,  but  quickly  recovered  its  transpiarency,  on  shaking,  and 
has  remained  so  for  upwards  for  a  y«ar. 

This  mixture  contains  7  grains  of  calcareous  earth;  and,  from  a  sub- 
sequent experiment,  I  guess  it  to  contain  as  much  fixed  air,  as  there  is  in 
14  grains  of  calcareous  earth. 

Experiment  VIII 
Least  it  should  be  supposed,  that  the  reason  why  the  earth  was  not 
precipitated  in  the  foregoing  experiment,  was,  that  it  was  not  furnished 
with  a  sufficient  quantity  of  fixed  air,  the  following  mixture  was  made, 
which  contains  the  same  proportion  of  earth  as  the  former,  but  a  less 
proportion  of  fixed  air:  4 J  ounces  of  the  above-mentioned  water,  con- 
taining fixed  air,  were  diluted  with  6J  of  rain  water,  and  then  mixed  with 
f>\  ounces  of  limewater,  A  precipitate  was  immediately  made  on  mixing, 
which  could  not  be  re-dissolved  on  s 


Experiment  IX 
I  made  some  experiments  to  find  whether  the  unneutralized  earth 
could  be  precipitated  from  other  London  waters,  by  the  addition  of  lime 
water,  as  well  as  from  Rathbone-place  water.  It  is  necessary  for  this 
purpose,  that  the  quantity  of  lime  water  should  be  adjusted  very  exactly; 
for,  if  it  is  too  little,  it  does  not  precipitate  all  the  unneutralized  earth ; 
if  it  is  too  great,  some  of  the  earth  in  the  lime  water  remains  suspended. 
For  this  reason,  as  I  found  it  almost  impossible  to  adjust  the  quantity 
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Great  care  was  taken  that  the  metal,  of  which  this  variation  compass 
is  composed,  should  be  perfectly  free  from  magnetism.  There  is  a  con- 
trivance in  it  for  lifting  the  needle  from  off  the  point,  and  letting  it  down 
gently,  to  prevent  injury  in  canying  from  one  room  to  another.  The 
instrument  is  constructed  nearly  on  the  same  plan  as  some  made  by  the 
late  Dr.  Knight.  The  principal  difference  is,  that  in  his  the  pin  which 
carried  the  needle  was  not  fixed  to  the  lower  frame  as  in  this,  but  to  the 
box ;  the  consequence  of  which  was,  that  when  the  needle  had  settled,  and 
the  box  was  moved  to  make  the  index  on  the  needle  point  to  the  proper 
mark,  it  was  again  put  into  vibration,  which  caused  great  trouble  to  the 
observer.  This  inconvenience  is  intirely  removed  by  the  present  con- 
struction. There  is  no  other  niaterial  difference,  except  that  of  the  needle 
being  made  to  invert,  and  the  addition  of  the  telescope.  The  contrivance 
of  fixing  the  pin  which  carries  the  needle  to  the  lower  frame,  is  taken  from 
an  instrument  of  Lord  Charles  Cavendish;  that  of  making  the  needle 
invert  I  have  seen  in  some  compasses  made  by  Sisson. 

There  is  a  very  common  fault  in  the  agate-caps  usually  made  for 
needles,  which  is,  that  they  are  not  hollowed  to  a  regular  concave,  but 
have  a  little  projecting  part  in  the  center  of  the  hollow;  the  consequence 
of  which  is,  that  the  point  of  the  pin  will  hot  always  bear  against  the 
same  part  of  the  agate,  and  consequently  the  needle  will  not  always  stand 
horizontal ;  but  sometimes  one  end  will  stand  highest,  an<J  sometimes  the 
other,  which  causes  a  difficulty  in  observing.  There  is  also  another  in- 
convenience attends  it  when  the  indices  of  the  needle  are  on  a  level  with 
the  point  of  the  pin,  which  is  of  more  consequence ;  namely,  that  it  causes 
the  two  indices  not  to  agree,  and  consequently  makes  a  sensible  error, 
when  only  one  index  is  made  use  of,  at  least  in  nice  observations:  but 
when  the  lines,  serving  by  way  of  index,  are  drawn  on  the  needle  itself, 
and  therefore  are  nearly  on  a  level  with  its  center  of  gravity,  it  can  cause 
very  little  error.  The  agate  cap,  which  was  first  made  for  this  instrmnent, 
was  of  this  kind;  and  was  so  faulty,  that,  if  no  better  could  have  been 
procured,  it  would  have  been  necessary  either  to  have  drawn  the  lines 
serving  by  way  of  index  on  the  needle  itself,  or  to  have  observed  by  both 
ends,  either  of  which  would  have  been  attended  with  a  considerable  in- 
crease of  trouble  to  the  observer;  but  Mr.  Naime,  the  artist  who  made 
the  instrument,  has  since  ground  some  himself,  which  are  perfectly  free 
from  this  fault,  the  concave  surface  being  of  an  extremely  regular  shape 
and  well  polished,  and  also  of  a  very  small  radius  of  curvature ;  which  is 
a  matter  of  considerable  consequence,  as  otherwise  the  point  of  the  pin 
will  not  easily  slip  sufficiently  near  to  the  bottom  of  the  hollow. 

Care  was  taken  to  place  the  variation  compass  in  a  part  of  the  house 
where  it  is  as  Uttle  likely  to  be  affected  by  the  attraction  of  the  iron  work 
as  in  any  that  could  be  found.  As  it  seemed,  however,  to  be  not  intirely 
out  of  the  reach  of  the  influence  of  that  metal,  I  took  the  following  method 
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to  examine  how  much  it  was  influenced  thereby.  The  instrument  was 
removed  into  a  large  garden  belonging  to  a  house  in  Marlborough  Street, 
distant  from  the  Society's  House  about  one  mile  and  a  quarter  towards 
the  West,  where  there  seemed  no  danger  of  its  being  affected  by  any  iron- 
work. Here  it  was  placed  exactly  in  the  meridian,  and  compared  for  a  few 
days  with  a  very  exact  compass,  placed  in  an  adjoining  room,  and  kept 
fixed  constantly  in  the  same  situation.  It  was  then  removed  back  to  the 
Society's  House,  and  compared  again  with  the  same  compass.  The  ob- 
servations were  as  follow : 

Observations  made  with  the  Society's  instrument  in  the  garden. 

Variation  by 


Time 

Society's 
instrument 

Compass 
in  room 

Difference 

1775 

h   ' 

0 

/ 

0 

/ 

/ 

July  21 

448V 

21 

31 

21 

33 

-  2 

5    0 

32 

35 

-3 

5  26 

■ 

30 

28 

+  2 

5  43 

31 

32 

—  I 

5  48 

30 

30 

0 

22 

10  45  M 

33 

33 

0 

II    2 

29 

30 

—  I 

II  18 

31 

29 

+  2 

"  37 

31 

31 

0 

II  55 

31 

33 

—  2 

436V 

31 

32 

—  I 

4  53 

27 

30 

-3 

5  22 

24 

26 

-  2 

• 

5  54 

26 

26 

0 

July  31 

II    4M 

21 

28 

21 

32 

-4 

II  20 

28 

30 

—  2 

II  38 

30 

30 

0 

II  57 

29 

32 

-3 

0  13V 

29 

33 

-4 

0  32 

30 

31 

—  I 

2  24 

3*2 

35 

-3 

2  54 

32 

31 

+  I 

Aug.  I 

10  34  M 

26 

28 

—  2 

3  13V 

32 

33 

—  I 

4  33 

29 

29 

0 

4  46 

29 

31 

-  2 

5  12 

27 

29 

-  2 

5  35 

27 

28 

—  I 

5  57 

28 

30 

-  2 
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The  instrument  being  removed  back  to  the  Society's  house. 


Time 

Variation 

X 

by 

Society's 
instrument 

Compass 
in  room 

Difference 

1775 

h 

/ 

0 

/ 

0 

/ 

/ 

Aug.  2 

I 

8V 

21 

45 

21 

32 

+  13 

I 

10 

44 

30 

+  14 

I 

20 

46 

29 

+  17 

I 

30 

47 

29 

+  18 

I 

40 

47 

32 

+  15 

I 

50 

47 

31 

+  16 

2 

0 

47 

31 

+  16 

Aug.  4 

10 

50  M 

21 

47 

21 

33 

+  14 

II 

0 

47 

34 

+  13 

II 

10 

47 

35 

+ 12 

II 

20 

47 

35 

+ 12 

II 

30 

46 

35 

+  II 

II 

40 

47 

34 

+  13 

'  By  a  mean  of  the  observations,  the  variation  shewn  by  the  compass 
in  the  room  is  i',3  greater  than  by  the  Society's  instrument  in  the  garden, 
and  14',!  less  than  by  the  same  instrument  placed  in  its  proper  situation; 
so  that  the  variation  appears  to  be  I5',4  greater  in  that  part  of  the 
Society's  House  where  the  compass  is  placed,  than  in  the  abovementioned 
garden;  and  therefore,  as  there  is  no  likelihood  of  its  being  affected  by 
any  iron  in  the  latter  place,  the  needle  seems  to  be  drawn  aside  15 '^ 
towards  the  N.W.  by  the  iron  work  of  the  house  and  adjacent  buildings. 

On  comparing  the  observations  of  the  two  last  years  together,  the 
variation  appears,  after  allowing  for  the  error  of  the  instrument,  to  have 
been  27'  greater  in  1775  than  in  1774;  though  I  have  been  informed  by 
Dr.  Heberden,  who  has  made  observations  of  this  kind  for  several  years 
past,  that  the  annual  alteration  of  the  variation  has,  in  general,  been  not 
more  than  10';  and  in  particular,  that  the  alteration  in  the  last  year 
appears  to  be  only  ii^';  so  that  the  great  difference  observed  at  the 
Society's  House  seems  to  be  owing,  not  solely  to  the  real  alteration  in  the 
variation,  but  partly  to  some  other  cause ;  though  what  that  should  be  I 
cannot  conceive,  unless  some  change  was  made  in  the  iron  work  either  of 
this  or  the  adjoining  houses  between  the  two  periods;  but  I  do  not  find 
that  any  such  change  has  been  made.  During  the  last  year,  indeed,  there 
have  been  two  large  magnets  in  the  house,  each  consisting  of  several  great 
bars  joined  together,  being  what  the  late  Dr.  Knight  used  for  making 
artificial  magnets,  and  at  the  time  of  the  observations  in  1774  there  was 
only  one ;  but  their  distance  from  the  compass  is  above  fifty  feet :  and  I 
am  well  assured,  that  in  the  situation  in  which  they  are  actually  placed, 
they  cannot  draw  the  needle  aside  more  than  3',  and  not  more  than  15', 
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when  the  line  joining  their  poles  is  placed  in  such  a  direction  as  to  act  with 
most  force  ^.  The  single  magnet  in  the  year  1774  was  placed  nearly  in  the 
same  situation  and  direction  that  the  two  were  in  1775.  so  that  the  differ- 
ence of  their  efieci.  in  these  two  years  can  hardly  have  been  so  much  as  3' ; 
and  therefore,  the  great  apparent  alteration  of  the  variation  between  the 
two  periods  cannot  have  been  owing  to  them.  Neither  can  it  have  been 
owing  to  the  fault  of  the  agate  cap  used  in  the  year  1774,  as  the  error 
proceeding  from  thence  could  hardly  be  more  than  2  or  3'.  It  is  intended 
that,  for  the  future,  the  abovementioned  magnets  shall  be  kept  always  in 
the  same  situation  and  direction  that  they  are  in  at  present,  and  in  which 
they  were  in  1775. 

Of  the  Dipping-needle. 

In  this  instrument  the  ends  of  the  axis  of  the  needle  roll  on  horizontal 
agate  planes,  a  contrivance  being  applied,  by  which  the  needle  is  at 
pleasure  lifted  off  from  the  planes,  and  let  down  on  them  again,  in  such 
manner  as  to  be  supported  always  by  the  same  points  of  the  axis  resting 
on  the  same  parts  of  the  agate  planes;  and  the  motion  with  which  it  is 
let  down  is  very  gradual  and  without  shake.  The  general  form  of  the 
instrument,  the  size  and  shape  of  the  needle,  and  the  cross  used  for 
balancing  it,  are  the  same  as  in  the  dipping-needle  described  in  Phil. 
Trans,  vol.  lxii.  p.  47O.   It  is  also  made  by  the  same  artist  Mr.  Naime. 

It  may  be  seen  in  the  Meteorological  Journal,  that  the  dip  was  ob- 
served first  with  the  front  of  the  instrument  to  the  West,  and  then  to  the 
East ;  after  which  the  poles  of  the  needle  were  reversed,  and  the  dip  observed 
both  ways  as  before.  The  reason  of  this  is,  that  the  mean  of  the  observed 
dips,  in  these  four  situations,  differs  very  little  from  the  truth,  though 
the  needle  is  not  well  balanced,  and  even  though  a  great  many  other 
errors  are  committed  in  the  construction  of  the  instrument:  provided 
.  the  needle  is  made  equally  magnetical  after  the  poles  are  reversed  as 
before' ;  and  that  the  difference  of  the  observed  dip,  in  these  four  situa- 
tions, is  not  very  great,  as  will  appear  from  the  following  considerations. 

First,  let  Fig.  7(6]  be  a  front  view  of  the  needle;  ^5  a  line  parallel  to  the 
direction  of  magnetism  therein;  and  CD  a  perpendicular  thereto,  meeting 

'  The  principle  by  which  this  was  determined  is,  that  if  a  magnet  is  placed  near 
a  variation  compass,  with  its  poles  equi-distant  from  it,  and  situated  so  that  each 
shall  act  equally  oblique  to  the  length  of  the  needle,  it  can  have  no  tendency  to 
alter  the  variation;  and  that  the  situation  in  which  it  alters  it  most,  except  when 
placed  nearly  North  or  South  of  the  compass,  is  when  the  line  joining  its  poles 
points  almost  directly  towards  the  needle.  This  experiment  I  tried  purposely  on 
the  occasion,  and  found  it  answer;  but,  1  believe,  any  one  skilled  in  magnetism  would 
have  granted  the  truth  of  the  position  without  that  precaution. 

•  It  is  easy  to  see  whether  the  needle  is  made  equally  magnetical  after  the  poles 
are  reversed  as  before,  by  counting  the  number  of  vibrations  which  it  makes  in  a 
minute. 
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it  in  the  line  joining  the  centers  of  the  cyHndrical  ends  of  the  axis,  or  in 
the  axis  of  motion  as  we  may  call  it.  If  the  needle  was  truly  balanced,  its 
center  of  gravity  would  be  in  d,  the  intersection  of  AB  and  CD,  Suppose 
now,  that  the  needle  is  not  truly  balanced,  but  that  its  center  of  gravity 
is  in  g;  draw  gn  perpendicular  to  AB,  cutting  it  in  w;  and  let  the  parts 
mn  and  mg  be  equal.  When  the  instrument  is  turned  half-way  round,  so 
that  the  contrary  face  of  the  needle  is  presented  towards  us,  the  edge 
ADB,  which  is  now  lowest,  will  become  uppermost,  and  the  center  of 
gravity  will  be  in  that  situation  in  which  the  point  n  now  is;  therefore, 
the  mean  between  the  forces  with  which  the  needle  is  drawn  out  of  its 
true  position  in  these  two  situations,  in  consequence  of  its  not  being  truly 
balanced,  is  accurately  the  same ;  and  the  mean  between  the  two  observed 
dips  is  very  nearly  the  same,  as  if  the  center  of  gravity  was  at  m.  But  if 
the  center  of  gravity  is  at  m,  the  dip  will  be  very  nearly  as  much  too  great 
in  the  present  state  of  the  needle,  as  it  will  be  too  little  when  the  poles 
are  reversed.  Therefore,  the  mean  of  the  observed  dips  in  these  four 
situations  will  be  very  nearly  the  same  as  if  the  needle  was  truly  balanced. 

Secondly,  if  the  planes  on  which  the  axis  rolls  are  not  horizontal,  the 
dip  will  be  very  nearly  as  much  greater  than  it  would  otherwise  be,  when 
one  face  is  turned  to  the  West,  as  it  is  less  when  the  other  is;  for  if  these 
planes  dip  towards  the  South  in  one  case,  they  will  dip  as  much  towards 
the  North  in  the  other,  supposing  the  levels  by  which  the  instrument  is 
set  to  remain  unaltered.  Consequently,  the  mean  of  the  two  observations 
will  be  very  nearly  the  same  as  if  they  were  placed  truly  horizontal. 

Thirdly,  by  the  same  method  of  reasoning  it  appears,  that  the  mean 
of  the  two  abovementioned  observations  will  be  not  at  all  altered,  though 
the  line,  joining  the  mark  on  that  end  of  the  needle  by  which  we  observe, 
with  the  axis  of  motion,  is  not  parallel  to  the  direction  of  magnetism  in 
the  needle ;  that  is,  though  the  mark  does  not  coincide  with  the  point  A 
or  B,  or  though  the  line  joining  the  two  divisions  of  90°  is  not  perpen- 
dicular to  the  horizon,  or  though  the  axis  of  motion  does  not  pass  through 
the  center  of  the  divided  circle,  provided  it  is  in  the  same  horizontal  plane 
with  it.  If,  indeed,  the  axis  of  motion  is  not  in  the  same  horizontal  plane 
with  the  center  of  the  divided  circle,  the  error  proceeding  from  thence 
will  not  be  compensated  by  this  method  of  observing,  unless  both  ends  of 
the  needle  are  made  use  of.  This,  however,  is  of  no  consequence  as  it  is 
easy  to  examine  whether  they  are  in  the  same  horizontal  plane  or  not. 

But  the  error  which  is  most  difficult  to  be  avoided  is,  that  which  pro- 
ceeds from  the  ends  of  the  axis  being  not  truly  cylindrical.  I  before  said, 
that  the  parts  of  them  which  rest  on  the  agate  planes  are  always  exactly 
the  same.  The  instrument  is  so  contrived,  however,  that  we  may  on 
occasion,  by  giving  the  axis  a  little  liberty  in  the  notches  by  which  it  is 
lifted  up  and  down,  make  those  planes  bear  against  a  part  of  the  axis 
distant  about  y^  or  ^th  of  an  inch  from  their  usual  point  of  bearing. 
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Now,  I  find,  that  when  the  axis  is  confined  so  as  to  have  none  of  this 
liberty,  and  when  care  is  taken,  by  previously  making  the  needle  stand 
at  nearly  the  right  dip,  that  it  shall  vibrate  in  very  small  arches  when  let 
down  on  the  planes;  that  then,  if  the  needle  is  lifted  up  and  down  any 
number  of  times,  it  will  commonly  settle  exactly  at  the  same  point  each 
time,  at  least  the  difference  is  so  small  as  to  be  scarcely  sensible;  but  if  it 
is  not  so  confined,  there  will  often  be  a  difference  of  20'  in  the  dip,  ac- 
cording as  different  parts  of  the  axis  rest  on  the  planes,  and  that  though 
care  is  taken  to  free  the  axis  and  planes  from  dust  as  perfectly  as  possible, 
which  can  be  owing  only  to  some  irregularity  in  the  axis.  Moreover,  if 
the  needle  vibrates  in  arches  of  five  or  more  degrees,  when  let  down  on 
the  planes,  there  will  frequently  be  as  great  an  error  in  the  dip.  It  is  true, 
that  the  part  of  the  agate  planes,  which  the  axis  rests  on  when  the  vibra- 
tions are  stopped,  will  be  a  little  different  according  to  the  point  which 
the  needle  stood  at  before  it  was  let  down ;  which  will  make  a  small  differ- 
ence in  the  dip  as  shewn  by  the  divided  circles,  when  only  one  end  of  the 
needle  is  observed,  though  the  real  dip  or  inclination  of  the  needle  to  the 
horizon  is  not  altered;  but  this  difference  is  by  much  too  small  to  be 
perceived;  so  that  the  abovementioned  error  cannot  be  owing  to  this 
cause.  Neither  does  it  seem  owing  to  any  irregularity  in  the  surface  of 
the  agate  planes,  for  they  were  ground  and  polished  with  great  accuracy ; 
but  it  most  likely  proceeds  from  the  axis  slipping  in  the  large  vibrations, 
so  as  to  make  the  agate  planes  bear  against  a  different  part  of  it  from  what 
they  would  otherwise  do.  I  have  great  reason  to  think,  that  this  irregu- 
larity is  not  owing  either  to  want  of  care  or  skill  in  the  execution,  but  to  the 
iuia\'oidable  inip)erfection  of  this  kind  of  work.  I  imagine  too,  that  this 
instnm:ient  is  at  least  as  exact,  if  not  more  so,  than  any  which  has  been 
yet  made. 

The  following  table  contains  the  result  of  some  observations  which  I 
made,  partly  with  a  view  to  determine  tlie  true  dip  at  this  time  in  a  place 
out  of  reach  of  the  influence  of  any  iron  work,  and  partly  to  see  how 
nearly  different  needles  would  agree.  The  instruments  were  all  tried  in 
the  same  garden  in  wfiich  the  variation  compass  was  observed,  and  all 
on  the  loth,  nth,  13th  and  14th  days  of  October,  1775,  except  that 
marked  *,  which  was  tried  on  the  15th  of  the  preceding  April. 

Each  of  the  numbers  set  down  in  the  above  table  [see  p.  126]  is  the  mean 
of  two  observations,  the  instruments  being  observed  first  with  the  front  to 
the  East,  then  to  the  West ;  then  a  second  time  to  the  East,  and  then  again 
to  the  West ;  and  in  all  the  observations,  except  those  with  the  two  last 
instruments,  which  are  of  a  different  construction,  care  was  taken  that 
the  needle  should  vibrate  in  very  small  arches  when  let  down  on  the  agate 
planes.  By  a  mean  of  all,  the  true  dip  at  London,  at  this  time,  comes  out 
72°  30',  the  different  needles  all  agreeing  within  14',  which  is  a  difference 
considerably  less  than  I  should  have  expected.    It  appears  also,  that  the 
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Poles  reversed 

A. 


East 

o      f 

The  Society's  needle  ...     72  32 

Another  of  the  same 
construction,  belong- 
ing to  Mr.  Naime  ...     72  56 

One  of  mine  on  nearly 
the    same    construe- 

CXv/XX     •••  •••  ••• 

Another  needle  in  the 
same  frame ... 

A  needle  of  mine,  made 
by  Sisson,  partly  on 
the  same  construc- 
tion as  Mr.  Lorimer's^  *73    i 

Another  of  Mr.  Nairne's 
on  the  same  con- 
struction           73   8 


West        East        West' 

O  '  O  '  O  ' 


Poles  restored 

to  their  first 

situation 
A 


East        West 


O         f 


O         f 


True 

dip 

o      / 


72   8     72   9     72  40     72  59     71 50     72  23 


7229   7145   7321   7251   7227   7237 


72  33   72  22   71  41   73  23   72  34   72  18   72  30 
72  22   72  7   71  40   73  53   72  16   72  30   72  33 


7M9     7157     73   o 


72  27 


72   o     7315     7157 


7235 


dipping-needle,  in  the  situation  in  which  it  is  placed  at  the  Society's 
House,  is  not  much  affected  by  any  iron  work,  as  the  dip  shewn  by  it  in 
the  garden  differs  only  7'  from  that  set  down  in  the  journal  of  the  weather. 
According  to  Norman,  the  inventor  of  the  dipping-needle,  the  dip  at 
London  in  the  year  1576  was  71°  50'*;  in  1676  it  was  73°  47',  according 
to  Mr.  Bond®;  Mr.  Whiston  in  1720  made  it  75°  10'*;  Mr.  Graham  in  1723 
made  it  between  73^  or  75°*,  his  different  trials  varying  so  much;  and  at 
present  it  appears  to  be  72°  30'.  I  do  not  know  how  much  Mr.  Bond's 
determination  is  to  be  depended  on,  as  he  does  not  say  by  what  means  he 
arrived  at  it;  but,  I  believe,  Mr.  Whiston's  is  pretty  accurate,  for  he 
observed  the  dip  in  many  parts  of  the  kingdom,  and  the  observations 
agree  well  together;  so  that  it  is  reasonable  to  suppose,  that  his  instru- 
ment was  a  good  one,  and  that  he  observed  in  places  where  the  needle  was 
not  much  influenced  by  iron  work.  The  dip,  therefore,  seems  to  have 
been  considerably  greater  about  the  year  1720,  than  it  was  in  Norman's 
time,  or  is  at  present :  it  appears,  however,  to  alter  very  slowly  in  com- 
parison of  the  variation. 

^  See  Phil,  Trans,  vol.  Lxv.  p.  79. 

*  New  Attractive,  c.  4.  *  Longitude  found,  p.  65. 

*  Longitude  and  Latitude  found  by  Dipping-needle,  pp.  7,  49,  and  94. 

*  PhiL  Trans.  No.  389,  p.  332. 


[    "27   ] 


Philosophical  Transactions.    Vol.  73,  1783,  p.  lob 


VIII.    An  Account  of  a  new  Eudiometer. 
By  Mr  Cavendish,  F.R.S. 

Read  January  16,  1783 

Ur.  Priestley's  discovery  of  the  method  of  determining  the  degree  of 
phlogistication  of  air  by  means  of  nitrous  air,  has  occasioned  many  instru- 
ments to  be  contrived  for  the  more  certain  and  commodious  performance 
of  this  experiment ;  but  that  invented  by  the  Abbe  Fontana  is  by  much 
the  most  accurate  of  any  fiitherto  published.  There  are  many  ingenious 
contrivances  in  fiis  apparatus  for  obviating  the  smaller  errors  which  this 
experiment  is  liable  to;  but  the  great  improvement  consists  in  this,  that 
as  the  tube  is  long  and  nairow,  and  the  orifice  of  the  funnel  not  much 
less  than  the  Imre  of  the  tube,  and  the  measure  is  made  so  as  to  deliver 
its  contents  very  quick,  the  air  rises  slowly  up  the  tube  in  one  continued 
column;  so  that  there  is  time  to  take  the  tube  off  the  futmel,  and  to  shake 
it  before  the  airs  come  quite  in  contact,  by  which  means  the  diminution 
is  much  greater  and  much  more  certain  than  it  would  otherwise  be.  For 
instance,  if  equal  measures  of  nitrous  and  common  air  are  mixed  in  this 
manner,  the  bulk  of  the  mixture  will,  in  general,  be  about  one  measure, 
whereas,  if  the  airs  are  suffered  to  remain  in  contact  about  one-fourth  of 
a  minute  before  they  are  shaken,  the  bulk  of  the  mixture  will  be  hardly 
less  than  one  measure  and  two-tenths,  and  will  be  very  different  according 
as  it  is  suffered  to  remain  a  little  more  or  a  little  less  time  before  it  is 
shaken.  In  like  manner,  if  through  any  fault  in  the  apparatus,  the  air 
rises  in  bubbles,  as  in  that  case  it  is  almost  impossible  to  shake  the  tube 
soon  enough,  the  diminution  is  less  than  it  ought  to  be. 

Another  great  advantage  in  this  manner  of  mixing  is,  that  thereby  the 
mixture  receives  its  full  diminution  in  the  short  time  during  which  it  is 
shaken,  and  is  not  sensibly  altered  in  bulk  after  that;  whereas,  if  the  airs 
are  suffered  to  remain  some  time  in  contact  before  they  are  shaken,  they 
will  continue  diminishing  for  many  hours. 

The  reason  of  the  abovementioned  differences  seems  to  be,  that  in  the 
Abb^  Fontana's  method  the  water  is  shaken  briskly  up  and  down  in  the 
tube  while  the  airs  are  mixing,  whereby  each  small  portion  of  the  nitrous 
air  must  be  in  contact  with  water,  either  at  the  instant  it  mixes  with  the 
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common  air,  or  at  least  immediately  after;  and  it  should  seem,  that  when 
the  airs  are  in  contact  with  water  during  the  mixing,  the  diminution  is 
much  greater  and  more  certain  than  when  there  is  no  water  ready  to 
absorb  the  nitrous  acid  produced  by  the  mixture.  This  induced  me  to  try 
whether  the  diminution  would  not  be  still  more  certain  and  regular  if  one 
of  the  two  kinds  of  air  was  added  slowly  to  the  other  in  small  bubbles, 
while  the  vessel  containing  the  latter  was  kept  continually  shaking.  I  was 
not  disappointed  in  my  expectations,  as,  I  think,  this  method  is  really 
more  accurate  than  the  Abb^  Fontana's;  and,  moreover,  in  the  course  of 
my  experiments  I  had  occasion  to  observe  a  circumstance  which  is  neces- 
sary to  be  attended  to  by  those  who  would  examine  the  purity  of  air  with 
exactness  by  any  kind  of  eudiometer,  besides  some  others  which  tend  very 
much  to  explain  many  of  the  phenomena  attending  the  mixture  of  common 
and  nitrous  air. 

The  apparatus  I  use  is  as  follows.  A  (Fig.  i)  is  a  cylindrical  glass 
vessel,  with  brass  caps  at  top  and  bottom;  to  the  upper  cap  is  fitted  a 
brass  cock  JB;  the  bottom  cap  is  open,  but  is  made  to  fit  close  into  the 
brass  socket  Dd,  and  is  fixed  in  it  in  the  same  manner  as  a  bayonet  is  on 
a  musquet.  The  socket  Dd  has  a  small  hole  E  in  its  bottom,  and  is  fastened 
to  the  board  of  my  tub  by  the  bent  brass  F/G,  in  such  manner  that  6, 
the  top  of  the  cock,  is  about  half  an  inch  imder  water;  consequently  if 
the  vessel  A  is  placed  in  its  socket,  with  any  quantity  of  air  in  it,  and  the 
cock  is  then  opened,  the  air  will  nm  out  by  the  cock,  but  will  do  so  very 
slowly,  as  it  can  escape  no  faster  than  the  water  can  enter  by  the  small 
hole  E  to  supply  its  place. 

Besides  this  vessel,  I  have  three  glass  bottles  like  M  (Fig.  2)  each  with 
a  flat  brass  cap  at  bottom  to  make  it  stand  steady,  and  a  ring  at  top  to 
suspend  it  by,  and  also  some  measures  of  different  sizes  such  as  B  (Fig.  3) ; 
these  are  of  glass  with  a  flat  brass  cap  at  bottom  and  a  wooden  handle. 
In  using  them  they  are  filled  with  the  air  wanted  to  be  measured,  and  then 
set  upon  the  brass  knob  C  fitted  upon  the  board  of  my  tub  below  the 
surface  of  the  water,  which  drives  out  some  of  the  air,  and  leaves  only 
the  proper  quantity.  This  measure  is  easier  made,  and  more  expeditious 
in  using,  than  the  Abb6  Fontana's,  and,  I  believe,  is  equally  accurate; 
but  if  it  was  not  it  would  not  signify,  as  I  determine  the  exact  quantity 
of  air  used  by  weight. 

There  are  two  different  methods  of  proceeding  which  I  have  used;  the 
first  is  to  add  the  respirable  air  slowly  to  the  nitrous;  and  the  other,  to  add 
the  nitrous  air  in  the  same  manner  to  the  respirable.  The  first  is  what  I 
have  commonly  used,  and  which  I  shall  first  describe.  In  this  method  a 
proper  quantity  of  nitrous  air  is  put  into  one  of  the  bottles  M,  by  means 
of  one  of  the  measures  above  described,  and  a  proper  quantity  of  respirable 
is  let  into  the  vessel  A,  by  first  filling  it  with  this  air,  and  then  setting  it 
on  the  knob  C,  as  was  done  by  the  measure.  The  vessel  A  is  then  fixed 
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in  the  socket,  and  the  bottle  M  placed  with  its  mouth  over  the  cock.  Then 
on  opening  the  cock,  the  air  in  the  vessel  j4  runs  slowly  in  small  bubbles  into 
the  bottle  M,  which  is  kept  shaking  all  the  time  by  moving  it  backwards 
and  forwards  horizontally  while  the  mouth  still  remains  over  the  cock. 

Notwithstanding  the  precautions  used  by  the  Abbe  Fontana  in 
measuring  the  quantity  of  air  used,  I  liave  sometimes  found  that  method 
liable  to  very  considerable  errors,  owing  to  more  water  sticking  to  the 
sides  of  the  measure  and  tube  at  one  time  than  at  another:  for  this  reason 
I  determine  the  quantities  of  air  used  and  the  diminution,  by  weighing 
the  vessels  containing  it  under  water  in  this  manner.  From  one  end  of 
a  balance,  placed  so  as  to  hang  over  the  tub  of  water,  is  suspended  a  forked 
wire,  to  each  end  of  which  fork  is  fixed  a  fine  copper  wire;  and  in  trying 
the  experiment  the  vessel  A,  with  the  respirable  air  in  it,  is  first  weighed, 
by  suspending  it  from  one  of  these  copper  wires,  in  such  manner  as  to 
remain  intireiy  under  water.  The  bottle  M,  with  the  proper  quantity  of 
nitrous  air  in  it.  is  then  hung  on  in  the  same  manner  to  the  other  wire, 
and  the  weight  of  both  together  found.  The  air  is  then  let  out  of  the 
vessel  A  into  the  bottle  M,  and  the  weight  of  both  vessels  together  found 
again,  by  which  the  diminution  of  bulk  which  they  suffer  on  mixing  is 
known.  lastly,  the  bottle  M  is  taken  off,  and  the  vessel  A  weighed  again 
by  itself,  which  gives  the  quantity  of  respirable  air  used.  It  is  needless 
to  determine  the  quantity  of  nitrous  air  by  weight;  because,  as  the 
quantity  used  is  always  sufficient  to  produce  the  full  diminution,  a  small 
difference  in  the  quantity  makes  no  sensible  difference  in  the  diminution'. 

'  Mr.  De  Saussure  also  determines  the  quantity  of  air  which  he  uses  by  weight; 
but  does  it  by  weighing  the  vessels  containing  it  in  air.  This  method  is  liable  to  some 
inaccuracy,  as  the  air  in  the  v^sel  is  apt  to  be  compressed  by  putting  in  the  stopper; 
though,  I  believe,  that,  if  care  is  taken  to  push  in  the  stopper  slowly,  the  error  arising 
from  thence  is  but  small.  It  is  also  less  expeditious  than  weighing  them  under  water, 
aa  some  time  is  necessarily  lost  in  wiping  the  wet  off  the  vessels;  but,  on  the  other 
hand,  it  requires  less  apparatus,  which  makes  it  fitter  for  a  portable  apparatus  as 
Mr.  De  Saussure's  was.  If  any  gentleman  is  desirous  of  adapting  this  method  of  deter- 
mining the  quantities  to  the  above  described  manner  of  mixing  the  airs,  nothing  more 
is  required  than  to  have  glass  stoppers  fitted  to  the  vessel  A  and  to  the  bottle  A/. 

It  is  needless  to  mention,  that  in  both  these  methods  no  sensible  error  can  arise 
from  any  difference  in  the  specific  gravity  of  the  air ;  for  the  thing  found  by  weighing 
the  vessel  is  the  difference  of  weight  of  the  included  air  and  of  an  equal  bulk  of  water, 
which,  as  no  air  is  less  than  500  times  lighter  than  water,  is  very  neariy  equal  to  the 
weight  of  a  quantity  of  water,  equal  in  bulk  to  the  included  air. 

It  must  be  observed,  that  a  common  balance  is  not  convenient  for  weighing  the 
vessels  of  air  under  water,  without  some  addition  to  it;  for  the  lower  the  vessel  of 
air  sinks  under  the  water,  the  more  the  air  is  compressed,  which  makes  the  vessel 
heavier,  and  thereby  causes  that  end  of  the  beam  to  preponderate.  This  makes  it 
necessary  either  to  have  the  index  placed  below  the  beam,  as  in  many  assay  balances ; 
or  by  some  other  means  to  remove  the  center  of  gravity  of  the  beam  so  much  t)elow 
the  center  of  suspension  as  to  make  the  balance  vibrate,  notwithstanding  the 
tendency  which  the  compressibility  ol  the  air  in  the  vessels  has  to  prevent  it. 
c  P.  9 
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In  this  manner  of  determining  the  quantities  by  weight,  care  should  be 
taken  to  proportion  the  lengths  of  the  copper  wires  in  such  manner  that 
the  surface  of  the  water  in  A  and  M  shall  be  on  the  same  level  when  both 
have  the  usual  quantity  of  air  in  them,  as  otherwise  some  errors  will  arise 
from  the  air  being  more  compressed  in  one  than  in  the  other.  This  pre- 
caution indeed  does  not  intirely  take  away  the  error,  as  the  level  of  the 
water  in  M  is  not  the  same  after  the  airs  are  mixed  as  it  was  before ;  but 
in  vessels  of  the  same  size  as  mine,  the  error  arising  from  thence  can  never 
amount  to  the  500th  part  of  the  whole,  which  is  not  worth  regarding;  and 
indeed  if  it  were  much  greater,  it  would  be  of  very  little  consequence,  as 
it  would  be  always  the  same  in  trying  the  same  kind  of  air. 

There  are  several  contrivances  which  I  use,  in  order  to  diminish  the 
trouble  of  weighing  the  vessels;  but  I  omit  them,  as  the  description  would 
take  up  too  much  room. 

The  vessel  A  holds  282  grains  of  water,  and  is  the  quantity  which  I 
shall  distinguish  by  the  name  of  one  measure.  I  have  three  bottles  for 
mixing  the  airs  in,  with  a  measure  B  for  the  nitrous  air  adapted  to  each. 
The  first  bottle  holds  three  measures,  and  the  corresponding  measure  ij; 
the  second  bottle  holds  six,  and  the  corresponding  measure  2^^;  and  the 
third  bottle  holds  12,  and  the  corresponding  measure  5.  The  first  bottle 
and  measure  are  used  in  trying  common  air,  or  air  not  better  than  that ; 
the  two  others  in  trying  dephlogisticated  air.  The  quantity  of  respirable 
air  used,  as  was  said  before,  is  always  the  same,  namely,  one  measure; 
consequently,  in  trying  common  air  I  used  ij  measures  of  nitrous  air  to 
one  of  common;  and  in  trying  very  pure  dephlogisticated  air  I  used  five 
measures  of  nitrous  air  to  one  of  the  dephlogisticated.  I  believe  there  is 
no  air  so  much  dephlogisticated  as  to  require  a  greater  propK)rtion  of 
nitrous  than  that.  The  way  by  which  I  judge  whether  the  quantity  of 
nitrous  air  used  is  sufficient,  is  by  the  bulk  of  the  two  airs  when  mixed; 
for  if  that  is  not  less  than  one  measure,  that  is,  than  the  respirable  air 
alone,  it  is  a  sign  that  the  quantity  of  nitrous  air  is  sufficient,  or  that  it 
is  sufficient  to  produce  the  full  diminution,  unless  it  is  very  impure. 

Though  the  quantity  of  respirable  air  used  wiD  be  always  nearly  the 
same,  as  being  put  in  by  measure;  j'et  it  will  commonly  be  not  exactly 
so.  for  which  reason  the  obserx-ed  diminution  will  commonly  require  some 
correction :  for  example,  suppose  that  the  obser\^  diminution  was  2-353 
measures,  and  that  the  quantity  af  respirable  air  was  found  to  be  -985  of 
a  measure ;  then  the  obserN-ed  diminution  must  be  increased  by  y^  of  the 
whole  or  -035,  in  order  to  haN'e  the  true  diminution,  or  that  which  would 
ha\-e  been  produced  if  the  respirable  air  used  had  been  exactly  one 
measure :  consequently,  the  true  diminution  is  2-388. 

The  method  of  x^-eighing.  described  in  p.  [129],  is  that  which  I  use  in 
tr\ing  air  much  different  in  purity  from  commcm  air ;  but  in  trying  common 
air,  I  use  a  shorter  method,  namely,  I  do  not  weigh  the  vessel  A  at  all,  but 
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only  wpigh  the  bottle  M  with  the  nitrous  air  in  it ;  then  mix  the  airs,  and 
again  weigh  the  same  bottle  with  the  mixture  in  it,  and  find  the  increase 
of  weight.  This,  added  to  one  measure,  is  very  nearly  the  true  diminution, 
whether  the  quantity  of  common  air  used  was  a  little  more  or  a  little  less 
than  one  measure.  The  reason  of  this  is,  that  as  the  diminution  produced 
on  mixing  common  and  nitrous  air  is  only  a  little  greater  than  the  bulk  of 
the  common  air,  the  bulk  of  the  mixture  will  be  very  nearly  the  same, 
whether  the  bulk  of  the  common  air  is  a  little  greater  or  a  little  less  than 
one  measure:  for  example,  let  us  first  suppose,  that  the  quantity  of  com- 
mon air  used  is  exactly  one  measure,  and  that  the  diminution  of  bulk  on 
mixing  is  i-oS  of  a  measure,  then  must  the  increase  of  weight  of  the  bottle 
M,  on  adding  the  common  air,  be  -08  of  a  measure.  Let  us  now  suppose, 
that  the  quantity  of  common  air  used  is  i-02  of  a  measure,  then  will  the 

diminution,  on  adding  the  common  air,  be  i-o8  x  —    or  l-ioi6  of  a 

measure,  andVonsequently  the  increase  of  weight  of  the  bottle  M  will  be 
i-ioi6  -  i'03  or  -0816  of  a  measure,  which  is  very  nearly  the  same  as  if 
the  common  air  used  had  been  exactly  one  measure. 

In  the  second  method  of  proceeding,  or  that  in  which  the  nitrous  air 
is  added  to  the  respirable,  I  use  always  the  same  bottle,  namely,  that 
which  holds  three  measures,  and  use  always  one  measure  of  respirable  air; 
and  in  trying  common  air  I  use  the  same  vessel  A  as  in  the  first  method ; 
but  for  dephlogisticatcd  air  I  use  one  that  holds  3J  measures. 

In  trying  the  experiment  I  first  weigh  the  bottle  M  without  any  air 
in  if,  and  then  weigh  it  again  with  the  respirable  air  in  it,  which  gives  the 
quantity  of  respirable  air  used,  f  next  put  the  nitrous  air  into  the  vessel  -4, 
and  weigh  that  and  the  bottle  M  together,  and  then  having  mixed  the 
airs,  weigh  them  again,  which  gives  the  diminution. 

From  what  has  been  just  said,  it  appears,  that  in  this  method  of  pro- 
ceeding I  use  a  less  quantity  of  nitrous  air  in  trying  the  same  kind  of 
respirable  air  than  in  the  former;  the  reason  of  which  is,  that  the  same 
quantity  of  nitrous  air  goes  further  in  phlogisticating  a  given  quantity  of 
respirable  air  in  this  than  in  the  former  method,  as  will  be  shewn  further  on. 

In  both  these  methods  I  express  the  test  of  the  air  by  the  diminution 
which  they  suffer  in  mixing ;  for  example,  if  the  diminution  on  mixing 
them  is  two  measxu^es  and  -^5^.,  f  call  its  test  2-353,  and  so  on. 

In  the  first  method  of  proceeding  I  found,  that  the  diminution  was 
scarce  sensibly  less  when  I  used  one  measure  of  nitrous  air  than  when  I 
used  a  much  greater  quantity;  so  that  one  measure  is  sufficient  to  produce 
the  full  diminution.  I  chuse,  however,  to  use  ij,  for  fear  the  nitrous  air 
may  be  impure;  Jths  of  a  measure  of  nitrous  air  produced  about  ^,  and 
Jths  of  a  measure  about  ^ths  of  the  full  diminution. 

I  found  also,  that  there  was  no  sensible  difference  in  the  diminution 
whether  the  orifice  by  which  the  air  passed  out  of  the  vessel  A  into  the 
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bottle  M  was  only  ^th  of  an  inch  in  diameter,  or  whether  it  was  Jth  of 
an  inch;  that  is,  whether  the  air  escaped  in  smaller  or  larger  bubbles. 
The  diminution  was  rather  less  when  the  bottle  was  shook  gently  than 
when  briskly;  but  the  difference  between  shaking  it  very  gently  and  as 
briskly  as  I  could  was  not  more  than  j^^dth  of  a  measure.  But  if  it  was 
not  shaken  at  all  the  diminution  was  remarkably  less,  being  at  first  only 
•9;  in  about  3',  indeed,  it  increased  to  -93,  and  after  being  shaken  for 
about  a  minute  it  increased  to  -99;  whereas,  when  the  bottle  was  shaken 
gently,  the  diminution  was  i'08  at  first  mixing,  and  did  not  increase 
sensibly  after  that  time.  The  difference  proceeding  from  the  difference  of 
time  which  the  air  took  up  in  passing  into  the  bottle  was  rather  greater; 
namely,  in  some  trials,  when  it  took  up  80"  in  passing,  the  diminution 
was  j^^ths  greater  than  when  it  took  up  only  22",  and  about  jf^dths 
greater  than  when  it  took  up  45';  in  some  other  trials,  however,  the 
difference  was  less.  It  appears,  therefore,  that  the  difference  arising  from 
the  difference  of  time  which  the  air  takes  up  in  passing  int6  the  bottle  is 
considerable;  but,  as  with  the  same  hole  in  the  plate  Dd  it  will  take  up 
always  nearly  the  same  time,  and  as  it  is  easy  adjusting  the  size  of  the 
hole,  so  as  to  make  it  take  up  nearly  the  time  we  desire,  the  error  pro- 
ceeding from  thence  is  but  small.  The  time  which  it  took  up  in  passing 
in  my  experiments  was  usually  about  50". 

The  difference  proceeding  from  the  difference  of  size  of  the  bottle,  and 
the  nature  of  the  water  made  use  of  is  greater;  for  when  I  use  the  small 
bottle  which  holds  three  measures,  and  fill  it  with  distilled  water,  the 
usual  diminution  in  trying  common  air  is  i-o8 ;  whereas,  if  I  fill  the  bottle 
with  water  from  my  tub,  the  diminution  is  usually  about  '05  less.  If  I 
use  the  bottle  which  holds  twelve  measures,  filled  with  distilled  water,  the 
diminution  is  about  1-15;  and  if  I  use  the  same  bottle,  filled  with  water 
from  my  tub,  about  i-o8. 

The  reason  of  this  difference  is,  that  water  has  a  power  of  absorbing 
a  small  quantity  of  nitrous  air;  and  the  more  dephlogisticated  the  water 
is,  the  more  of  this  air  it  can  absorb.  If  the  water  is  of  such  a  nature 
also  as  to  froth  or  form  bubbles  on  letting  in  the  common  air,  the  diminu- 
tion is  remarkably  less  than  in  other  waters. 

The  following  table  [p.  133]  contains  the  diminution  produced  in  trying 
common  air  in  the  bottle  containing  three  measures,  with  several  different 
kinds  of  water,  and  also  the  diminution  which  the  same  quantity  of  nitrous 
air  suffered  by  being  only  shook  in  the  same  bottle,  without  the  addition  of 
any  common  air,  tried  by  stopping  the  mouth  of  the  bottle  with  my  finger, 
and  shaking  it  briskly  for  one  minute,  and  afterwards  for  one  minute  more. 
In  general,  the  diminution  was  nearly  as  great  with  rain  water  as  dis- 
tilled water;  but  sometimes  I  have  foimd  rain  water  froth  a  good  deal, 
and  then  the  diminution  was  not  much  greater  than  by  the  water  fouled 
with  oak  shavings. 
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air  for 

in  trying 

One 

Two' 

1-099 

-118 

■122 

Distilled  water                                                                               _ 

1-049 

■083 

■088 

Water  from  tub                                                                  ^^^^H 

1-036 

-090 

■098 

Pump  water                                                                       ^^^H 

1*062 

■090 

■099 

Distilled  water,  in  which  a  few  drops  of                        ^^^H 
liver  of  sulphur  were  kept  for  a  few  days                         ^^^^ 

1-045 

■053 

■056 

Distilled  water  impregnated  with  nitrous 
air,  by  keeping  it  with  about  \  of  its 
bulk  of  nitrous  air  for  two  days,  and 
frequently  shaking  it 

■897 

•082 

■085 

Water  fouled  by  oak  shavings.    N.B.  it                                    . 
frothed  very  much                                                         ^^^^H 

This  difference  in  the  diminution,  according  to  the  nature  of  the  water, 
is  a  very  great  inconvenience,  and  seems  to  be  the  chief  cause  of  uncer- 
tainty in  trying  the  purity  of  air;  but  it  is  by  no  means  peculiar  to  this 
method,  as  I  have  found  as  great  a  difference  in  Fontana's  method,  ac- 
cording as  I  have  filled  the  tube  with  different  waters'.  But  it  shews 
plainly,  how  little  all  the  experiments  which  have  hitherto  been  made  for 
determining  the  variations  in  the  purity  of  the  atmosphere  can  be  relied 
on,  as  I  do  not  know  that  any  one  before  has  been  attentive  to  the  nature 
of  the  water  he  has  used,  and  the  difference  proceeding  from  the  difference 
of  waters  is  much  greater  than  any  I  have  yet  found  in  the  purity  of  air. 

The  best  way  I  know  of  obviating  this  inconvenience  is  to  be  careful 
always  to  use  the  same  kind  of  water:  that  which  I  always  use  is  distilled, 
as  being  most  certain  to  be  always  alike.  I  should  have  used  rain  water, 
as  being  easier  procured,  if  it  had  not  been  that  this  water  is  sometimes 
apt  to  froth,  which  I  have  never  known  distilled  water  do. 

As  I  found  that  the  power  with  which  the  distilled  water  I  used 
absorbed  nitrous  air  was  greater  at  some  times  than  others,  which  must 
necessarily  make  an  error  in  the  observation,  I  was  in  hopes  that,  by 
observing  the  quantity  of  nitrous  air  which  the  water  absorbed  in  the 
same  manner  as  in  the  preceding  experiment,  together  with  the  heat  of 
the  water,  as  that  also  seems  to  affect  the  experiment,  one  might  be  able 
to  correct  the  observed  test,  and  thereby  obviate  the  error  which  would 
otherwise  arise  from  any  little  difference  in  the  nature  of  the  water  em- 
ployed. With  this  view  I  made  the  following  experiment. 

I  purged  some  distilled  water  of  its  air  by  boiling,  and  kept  one  part 

'  I  do  not  find  that  it  makes  much  differenceinFontana'smethod  whether  the  water 
is  disposed  to  froth  or  not;  but  the  advantage  which  it  has  in  that  respect  over  this 
method  is  not  of  much  consequence,  as  it  is  easy  linding  water  which  will  not  froth. 
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of  it  for  a  week  in  a  bottle  along  with  some  dephlogisticated  air,  and 
shook  it  frequently;  the  other  part  was  treated  in  the  same  manner  with 
phlogisticated  air.  At  the  end  of  this  time  I  foimd,  by  a  mean  of  three 
different  trials,  that  the  test  of  common  air  tried  with  the  first  of  these 
waters  was  1-139,  ^^^  diminution  which  nitrous  air  suffered  by  being 
shook  2'  in  it  in  the  usual  manner  was  -285.  The  test  of  the  same  air 
tried  with  the  last  of  these  waters  was  only  1-054,  and  the  diminution  of 
nitrous  air  only  -090,  the  heat  of  the  water  in  the  tub  and  of  the  distilled 
waters  being  45°.  I  then  raised  both  the  water  of  the  tub  and  the  distilled 
waters  to  the  heat  of  67°,  and  found  that  the  test  of  the  same  air,  tried 
by  the  first  water,  was  then  i-ioo,  and  by  the  latter  1-044;  ^md  that  the 
diminution  of  nitrous  air  was  -235  by  the  first  water,  and  -089  by  the 
latter. 

It  should  seem  from  hence,  as  if  the  observed  test  ought  to  be  cor- 
rected by  subtracting  ^ths  of  the  diminution  which  nitrous  air  suffers 
by  being  shaken  in  the  water,  and  adding  -002  for  every  3°  of  heat  above 
0,  as  the  foregoing  trials  will  agree  very  well  together,  if  they  are  corrected 
by  this  rule,  and  better  than  if  corrected  by  any  different  rule,  as  will 
appear  by  the  following  table. 


Heat 

Diminu- 
tion of 
nitrous  air 
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test 
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C*^I\TTf<^  ♦■*»/1 

Diminution 
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VA^l  IC^  wCU 
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45 
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I-I39 

•114 

•030 
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67 

•235 

I^IOO 

•094 

•045 

1-051 

Latter  water 

45 

•090 

1-054 

•036 

•030 

1-048 

67 

•089 

1-044 

•036 

•045 

1-053 

Though  in  all  probability  this  correction  will  diminish  the  error  pro- 
ceeding  from  a  difference  in  the  nature  of  the  distilled  water  employed, 
yet  I  have  reason  to  think,  that  it  will  by  no  means  entirely  take  it  away; 
for  which  reason  I  do  not  in  general  make  use  of  it.  In  almost  all  the 
trials,  indeed,  in  which  I  have  applied  the  correction,  it  has  come  out  very 
nearly  the  same ;  which  seems  to  shew,  that  there  was  no  other  difference 
in  the  absorbing  power  of  the  distilled  water  I  employed,  than  what 
proceeded  from  its  difference  of  heat.  The  above  experiment,  however, 
shews  plainly,  that  distilled  water  is  capable  of  a  very  great  difference  in 
this  respect  independent  of  its  heat. 

In  the  second  method  of  proceeding,  or  that  in  which  the  nitrous  air 
is  added  to  the  respirable,  I  found  nearly  the  same  difference  in  the 
diminution,  according  as  the  bottle  was  shaken  briskly  or  gently,  as  in 
the  former  method:  I  found  also  nearly  the  same  difference,  or  perhaps 
rather  less,  according  to  the  nature  of  the  water  employed,  only  it  seemed 
to  be  of  not  much  consequence  whether  the  water  frothed  or  not;  but 
there  seemed  to  be  much  less  difference  in  the  diminution,  according  to 
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the  time  which  the  air  took  up  in  passing  into  the  bottle.  The  usual 
diminution  on  trying  common  air  with  different  quantities  of  nitrous  air, 
when  distilled  water  was  employed,  was  as  follows; 


i.  1-5 
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It  appears,  therefore,  that  ^ths  of  a  measure  of  nitrous  air  is  sufficient 
to  produce  very  nearly  the  full  diminution.  I  chuse.  however,  always  to 
use  one  measure.  It  appears  also,  that  the  diminution  is  always  much 
less  in  this  method  than  when  the  common  air  is  added  to  the  nitrous; 
as  in  that  method  it  was  before  said,  that  the  usual  diminution  was  i-o8. 
The  reason  of  this  is,  that  when  nitrous  and  common  air  are  mixed  to- 
gether, the  nitrous  air  is  robbed  of  part  of  its  phlogiston,  and  isthereby 
turned  into  phlogisticated  nitrous  acid,  and  is  absorbed  by  the  water  in 
that  state,  and  besides  that,  the  common  air  is  phlogisticated,  and  thereby 
diminished :  so  that  the  whole  diminution  on  mLxing  is  equal  to  tlie  bulk 
of  nitrous  air,  which  is  turned  into  acid,  added  to  the  diminution  which 
the  common  air  suffers  by  being  phlogisticated.  Now  it  appears,  that 
when  a  small  quantity  of  nitrous  air  comes  in  contact  with  a  large  quantity 
of  common  air,  it  is  more  completely  deprived  of  its  phlogiston,  and  is 
absorbed  by  the  water  in  a  more  dephlogisticated  state  than  when  a  small 
quantity  of  common  air  comes  in  contact  with  a  large  quantity  of  nitrous ; 
consequently,  in  the  second  method,  where  small  portions  of  nitrous  air 
come  in  contact  with  a  large  quantity  of  common  air,  the  nitrous  air  is 
more  deprived  of  its  phlogiston,  and  therefore  a  less  quantity  of  it  is  re- 
quired to  phlogisticate  the  common  air  than  in  the  first  method,  where 
small  portions  of  common  air  come  in  contact  with  a  large  quantity  of 
nitrous  air;  so  that  a  less  quantity  of  the  nitrous  air  is  absorbed  in  the 
second  method  than  in  the  first.  As  to  the  common  air,  as  it  is  completely 
phlogisticated  in  both  methods,  it  most  likely  suffers  an  equal  diminution 
in  both. 

A  clear  proof  that  a  less  quantity  of  nitrous  is  required  to  phlogisticate 
a  given  quantity  of  common  air  in  the  second  method  than  in  the  first, 
is,  that  if  common  air  is  mixed  with  a  quantity  of  nitrous  air  not  sufficient 
to  completely  phlogisticate  it,  the  mixture  will  be  more  phlogisticated  if 
the  nitrous  air  is  added  slowly  to  the  common,  as  in  the  second  method, 
than  if  the  common  air  is  added  to  the  nitrous;  and  if  the  nitrous  air  is 
added  slowly  to  the  common,  without  being  in  contact  with  water,  the 
mixture  will  be  found  to  be  still  more  phlogisticated  than  in  the  second 
method,  where  the  two  airs  are  in  contact  with  water  at  the  time  of 
mixing. 


136 


Mr.  CAVENDISH'S  Account  of 


The  following  table  contains  the  result  of  the  experiments  I  have  made 
on  this  subject.  ^,.  .... 

"*  Nitrous  air  added 

slowly  to  common  without 


First  method 

A 

Second  method 
^ ^. 
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•836 
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The  two-first  sets  of  experiments  were  not  tried  with  the  apparatus 
above  described,  as  that  held  too  small  a  quantity,  but  with  another  upon 
the  same  principle.  The  last  set  was  tried  by  the  apparatus  represented 
in  Fig.  4  where  ^  is  a  bottle  containing  nitrous  air,  inverted  into  the  tub 
of  water  DE\  B  is  a  bottle  with  a  bent  glass  tube  C  fitted  to  its  mouth. 
This  bottle  is  filled  with  common  air,  without  any  water,  and  is  first  slightly 
warmed  by  the  hand ;  the  end  of  the  glass  tube  is  then  put  into  the  bottle 
of  nitrous  air,  as  in  the  figure ;  consequently,  as  the  bottle  B  cools,  a  little 
nitrous  air  nms  into  it,  which,  by  the  common  air  in  it,  is  deprived  of  its 
elasticity,  so  that  more  nitrous  air  nms  in  to  supply  its  place.  By  this 
means  the  nitrous  air  is  added  slowly  to  the  common  without  coming  in 
contact  with  water,  till  the  whole  of  the  nitrous  air  has  run  out  of  the 
bottle  A  into  B\  then,  indeed,  the  water  runs  through  the  glass  tube 
into  fi,  to  supply  the  vacancy  formed  by  the  diminution  of  the  common 
air. 

It  appears  from  the  foregoing  table,  that  a  quantity  of  nitrous  air, 
used  in  the  first  method,  does  not  phlogisticate  common  air  more  than 
three-fourths  of  that  quantity  used  in  the  second  way  does,  and  not  so 
much  as  half  that  quantity  used  in  the  third  way :  so  that  we  may  safely 
conclude,  that  it  is  this  circumstance  of  the  nitrous  air  going  further  in 
phlogisticating  common  air  in  some  circimistances  than  others,  which  is 
the  cause  that  the  diminution  in  trying  the  purity  of  air  by  the  nitrous 
test  is  so  much  greater  in  some  methods  of  mixing  them  than  in  others. 

From  what  was  said  in  p.  [135]  it  should  seem  as  if  the  second  method 
was  more  exact  than  the  first,  as  the  error  proceeding  from  the  air  em- 
ploying more  or  less  time  in  passing  into  the  bottle  was  foimd  to  be  less, 
and  that  proceeding  from  a  difference  in  the  water,  and  from  the  bottle 
being  shaken  more  or  less  strongly  was  not  greater.  I,  however,  have  found, 
that  the  trials  of  the  same  air  on  the  same  day  have  commonly  differed 
more  when  made  in  this  manner  than  in  the  first ;  for  which  reason,  and 
because  in  trying  common  air  the  first  method  takes  up  the  least  time, 
I  have  commonly  used  that. 

It  should  be  observed,  that  in  trying  dephlogisticated  air  by  the  first 
method  it  is  convenient  to  use  different  bottles,  according  to  the  different 
purity  of  the  air;  and  the  same  air  will  appear  purer,  if  tried  by  a  larger 
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bottle  than  by  a  smaller.  For  example,  if  its  test,  tried  by  the  large  bottle, 
comes  out  2-54,  it  will  appear  not  more  than  2-44,  if  tried  by  the  middle 
bottle;  and,  in  like  manner,  if  its  test  by  the  middle  bottle  comes  out  i-ii, 
it  will  appear  to  be  about  I'OS,  if  tried  by  the  least  bottle;  for  this  reason 
it  is  right  always  to  set  down  which  bottle  it  is  tried  by. 

I  think  I  may  confidently  assert,  that  either  of  the  above  methods  are 
considerably  more  accurate  than  Fontana's,  supposing  the  experiment  to 
be  made  exactly  in  his  manner,  that  is,  determining  the  quantities  by 
measure.  But,  in  order  to  judge  which  method  of  mixing  the  airs  is  most 
exact,  it  was  necessary  to  determine  the  quantities  in  his  method  also  by 
weight,  as  otherwise  it  would  be  uncertain  whether  my  method  of  mixing 
the  airs  is  really  better  than  his,  or  whether  the  apparent  greater  exact- 
ness proceeds  only  from  the  superiority  of  weighing  above  measuring: 
for  this  reason  I  made  some  experiments  in  which  common  and  nitrous 
air  were  mixed  in  his  manner,  except  that  I  used  only  one  measure  of 
each,  as  Dr.  Ingen-Housz  did,  and  that  the  nitrous  air  was  put  up  first, 
the  true  diminution  being  determined  by  weight,  by  first  weighing  the 
tube  under  water  with  the  nitrous  air  in  it,  and  then  adding  the  common 
air,  and  weighing  the  tube  again  under  water.  It  was  unnecessary,  for 
the  reasons  given  in  [pp.  130  and  131],  to  determine  the  quantity  of  either 
the  nitrous  or  common  air  by  weight.  My  reason  for  this  variation  was, 
that  it  afforded  a  much  easier  method  of  determining  the  quantities  by 
weight,  was  less  trouble,  and,  1  believe,  must  be  at  least  as  exact:  for  1 
have  always  found,  that  the  experiments  made  with  the  Abb6  Fontana's 
apparatus,  in  which  I  used  only  one  measiur  of  each  air,  agreed  better 
together  than  those  in  which  I  used  two  of  common,  and  added  the  nitrous 
air  by  one  at  a  time ;  and  I  imagine  it  can  be  of  no  signification  whether 
the  nitrous  or  common  air  is  put  in  first,  as  I  cannot  perceive  the  diminu- 
tion to  be  sensibly  greater  in  one  of  those  ways  than  the  other^ 

From  the  result  of  these  experiments  I  am  persuaded,  that  my  method 
of  mixing  the  airs  is  really  rather  more  accurate  than  Fontana's,  as  in 
trying  the  same  bottle  of  air  six  or  seven  times  in  my  method  the  different 
trials  would  not  often  differ  more  than  j^jjdth  part,  and  very  seldom  more 
than  -j^^dth;  whereas  in  his  there  would  commonly  be  a  difference  of 
Y^jjdth,  and  frequently  near  twice  that  quantity,  though  I  endeavoured 
to  be  as  regular  as  1  could  in  my  manner  of  trying  the  experiment.  My 
method  also  certainly  requires  less  dexterity  in  the  operator  than  his. 

'  It  is  not  extraordinary,  that  in  this  method  the  diminution  is  just  the  same 
whether  the  common  or  nitrons  air  is  put  up  first,  notwithstanding  that  in  mine  it 
b  very  difierent;  since  in  this  method  the  two  airs  mix  in  the  same  manner  which- 
ever is  put  up  first:  whereas  in  mine,  the  manner  in  which  they  mix  is  very  different 
in  those  two  cases;  as  in  one.  small  portions  of  common  air  come  in  contact  with 
large  portions  of  the  nitrous;  and  in  the  other,  small  portions  of  nitrous  air  come  in 
contact  witli  large  portion 
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It  is  of  much  importance  towards  forming  a  right  judgement  of  the 
degree  of  accuracy  to  be  expected  in  the  nitrous  test,  to  know  how  much 
it  is  affected  by  a  difference  in  the  nitrous  air  employed.  Now  it  must 
be  observed,  that  nitrous  air  may  differ  in  two  respects;  first,  it  may  vary 
in  purity,  that  is,  in  being  more  or  less  mixed  with  phlogisticated  or  other 
air;  and,  secondly,  it  is  possible,  that  out  of  two  parcels  equally  pure  one 
may  contain  more  phlogiston  than  the  other.  If  it  differs  in  the  second 
respect,  it  will  evidently  cause  an  error  in  the  test,  in  whatever  propK)r- 
tion  it  is  mixed  with  the  respirable  air;  but  if  it  differs  only  in  the  first 
respect,  it  will  hardly  cause  any  sensible  error,  unless  it  is  more  than 
usually  impure,  provided  care  is  taken  to  use  such  a  quantity  as  is  sufl&- 
cient  to  produce  the  full  diminution.  This  has  been  observed  by  the 
Abb6  Fontana,  and  agrees  with  my  own  experiments;  for  the  test  of 
common  air  tried  in  my  usual  method,  with  some  nitrous  air  which  had 
been  debased  by  the  mixture  of  common  air,  came  out  only  18  thou- 
sandths less  than  when  tried  with  air  of  the  best  quality,  though  this  air 
was  so  much  debased  that  the  diminution,  on  mixing  two  parts  of  this 
with  five  of  common,  was  -one-sixth  part  less  than  when  good  nitrous  air 
was  employed ;  which  shews,  that  the  error  proceeding  from  the  difference 
of  purity  of  the  nitrous  air  is  much  less  when  it  is  used  in  the  full  quantity 
than  in  a  smaller  proportion ;  and  also  she>^*s,  that  if  it  is  used  in  the  full 
quantity  it  can  hardly  cause  any  sensible  error,  unless  it  is  more  impure 
than  usual.  One  does  not  easily  see,  indeed,  why  it  should  cause  any 
error;  for  no  reason  appears  why  the  mixture  of  phlogisticated  or  other 
air,  not  absorbable  by  water,  and  not  affected  by  respirable  air,  should 
prevent  the  nitrous  air  from  diminishing  and  being  diminished  by  the 
respirable  air  in  just  the  same  manner  that  it  would  otherwise  be.  It  must 
be  observed,  however,  that  if  the  nitrous  air  is  mixed  with  fixed  air,  it 
will  cause  an  error,  as  part  of  the  fixed  air  will  be  absorbed  by  the  water 
while  the  test  is  tr\ing;  for  which  reason  care  should  be  taken  that  the 
nitrous  air  should  not  be  much  mixed  with  this  substance,  which  it  will 
hardly  be,  unless  either  the  metal  it  is  procured  from  is  covered  with 
rust ;  or  unless  the  >^'ater  in  which  it  is  recei\-ed  contains  much  calcareous 
earth  suspended  by  fixed  air,  as  in  that  case,  if  any  of  the  nitrous  acid 
comes  ox-er  wth  the  air,  it  \iill  dissolve  the  calcareous  earth,  and  separate 
some  fixed  air. 

In  order  to  see  whether  it  is  possible  for  nitrous  air  to  differ  in  the 
second  respect,  I  procured  some  from  quicksilver,  copper,  brass,  and  iron, 
and  obser\-ed  the  test  of  the  same  parcel  of  common  air  ydXh  them,  on 
the  same  day,  making  four  trials  \*-ith  each,  when  the  difference  between 
the  tests  tried  with  the  three  first  kinds  of  air  was  not  greater  than  might 
proceed  from  the  error  of  the  experiment;  but  those  tried  wth  the  air 
from  iron  were  j^ths  greater  than  the  rest.  I  then  took  the  test  of  some 
more  common  air  \i'ith  them  in  the  same  manner,  only  using  four  parts 
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of  common  to  one  of  nitrous  air,  when  the  tests  tried  with  the  air  from 
iron  came  out  smaller  than  the  rest  by  not  less  than  tVAtfis.  It  should 
seem,  therefore,  from  these  experiments,  that  the  nitrous  air  procured 
from  iron,  besides  being  much  more  impure  than  the  others,  differs  from 
them  also  in  the  second  respect;  that  is,  that  the  pure  nitrous  air  in  it 
contains  rather  less  phlogiston  tlian  that  in  the  others:  whence  it  happens, 
that  a  greater  quantity  is  necessary  to  phlogisticate  a  given  portion  of 
common  air,  and  consequently  that  the  diminution  is  greater  when  a 
sufficient  quantity  of  it  is  used,  though  with  a  less  proportion  the  diminu- 
tion is  much  less  than  with  other  nitrous  air,  on  account  of  its  greater 
impurity.  As  for  the  air  procured  from  tlie  three  other  substances,  I 
cannot  be  sure  that  there  is  any  difference  between  them.  The  nitrous 
air  I  always  use  is  made  from  copper,  as  it  is  procured  with  less  trouble 
than  from  quicksilver,  and  1  have  no  reason  to  think  it  more  Jikely  to  vary 
in  its  quality. 

During  the  last  half  of  the  year  1781,  I  tried  the  air  of  near  60  different 
days,  in  order  to  find  whether  it  was  sensibly  more  phJogisticated  at  one 
time  than  another;  but  found  no  difference  that  I  could  be  sure  of,  though 
the  wind  and  weather  on  those  days  were  very  various;  some  of  them 
being  very  fair  and  clear,  others  very  wet,  and  others  very  foggy. 

My  way  was  to  fill  bottles  with  glass  stoppers  every  now  and  then  with 
air  from  without  doors,  and  preserve  them  stopped  and  inverted  into 
water,  till  I  had  got  seven  or  eight,  and  then  take  their  test ;  and  whenever 
I  observed  their  test,  I  filled  two  bottles,  one  of  which  was  tried  that  day, 
and  the  other  was  kept  till  the  next  time  of  trying,  in  order  to  see  how 
nearly  the  test  of  the  same  air,  tried  on  different  days,  would  agree.  The 
experiment  was  always  made  with  distilled  water,  and  care  was  always 
taken  to  observe  the  diminution  which  nitrous  air  suffered  by  being  shaken 
in  the  water,  as  mentioned  in  p.  [133].  The  heat  of  the  water  in  the  tub 
also  was  commonly  set  down.  JVIost  of  the  bottles  were  tried  only  in  the 
first  method;  but  some  of  them  were  also  tried  by  the  second,  and  by  the 
method  just  described  in  the  manner  of  Fontana. 

The  result  was,  that  the  test  of  the  different  bottles  tried  on  the  same 
day  never  differed  more  than  ■013,  and  in  general  not  more  than  half  that 
quantity.  The  test,  indeed,  of  those  tried  on  different  days  differed  rather 
more;  for  taking  a  mean  between  the  tests  of  the  bottles  tried  on  the  same 
day,  there  were  two  of  those  means  which  differed  -025  from  each  other; 
but,  except  those  two,  there  were  none  which  differed  more  than  -013. 
Though  this  difference  is  but  small,  yet  as  each  of  these  means  is  the 
mean  of  seven  or  eight  trials,  it  is  greater  than  can  be  expected  to  proceed 
from  the  usual  errors  of  the  experiment.  This  difference  also  is  not  much 
diminished  by  correcting  the  observations  on  account  of  the  heat  and 
absorbing  power  of  the  water,  according  to  the  rule  in  p.  [134].  This  might 
incline  one  to  think,  that  the  parcels  of  air  examined  on  some  of  those 
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days  of  trial  were  really  more  dephlogisticated  than  the  rest;  but  yet,  I 
believe,  that  they  were  not:  for  whenever  there  was  any  considerable 
difference  between  the  means  of  two  successive  days  of  trial,  there  was 
nearly  the  same  difference  between  the  tests  of  the  two  bottles  of  the  very 
same  air  tried  on  those  two  days.  For  example,  the  mean  of  the  trials  on 
July  7  was  -016  less  than  that  of  those  on  the  15th  of  the  same  month; 
but  then  the  test  of  the  air  caught  and  tried  on  the  7th  was  equally  less 
than  that  of  the  air  of  the  same  day  tried  on  the  15th;  which  shews,  that 
this  difference  between  the  means  of  those  two  days  was  not  owing  to  the 
parcels  of  air  tried  on  the  former  day  being  really  more  dephlogisticated 
than  those  tried  on  the  latter,  but  only  to  some  imperceived  difference  in 
the  manner  of  trying  the  experiment ;  or  else  to  some  imknown  difference 
in  the  nature  of  the  water  or  nitrous  air  employed.  A  circiunstance  which 
seems  to  shew  that  it  was  owing  to  the  first  of  these  two  causes  is,  that 
it  frequently  happened,  that  on  those  days  in  which  the  tests  taken  in 
the  first  method  came  out  greater  than  usual,  those  taken  in  Fontana's 
manner,  or  in  the  second  method,-  did  not  do  so;  the  trials,  however, 
made  in  these  two  methods  were  too  few  to  determine  any  thing  with 
certainty.  On  the  whole  there  is  great  reason  to  think,  that  the  air  was 
in  reahty  not  sensibly  more  dephlogisticated  on  any  one  of  the  sixty  days 
on  which  I  tried  it  than  the  rest. 

The  highest  test  I  ever  observed  was  i-ioo,  the  lowest  i-o68,  the 
mean  1-^2. 

I  would  by  all  means  recommend  it  to  those  who  desire  to  compare 
the  air  of  different  places  and  seasons,  to  fill  bottles  with  the  air  of  those 
places,  and  to  try  them  at  the  same  time  and  place,  rather  than  to  try 
them  at  the  time  they  were  filled,  as  all  the  errors  to  which  this  experi- 
ment is  liable,  as  well  those  which  proceed  from  small  differences  in  the 
manner  of  trying  the  experiment,  as  those  which  proceed  from  a  difference 
in  the  nature  of  the  water  and  nitrous  air,  will  commonly  be  much  less 
when  the  different  parcels  of  air  are  tried  at  the  same  time  and  place  than 
at  different  ones;  provided  only,  that  air  can  be  kept  in  this  manner  a 
sufficient  time  without  being  injured,  which  I  believe  it  may,  if  the  bottles 
are  pretty  large,  and  care  is  taken  that  they,  as  well  as  the  water  used  in 
filling  them  with  air,  are  perfectly  clean.  I  have  tried  air  kept  in  the 
abovementioned  manner  for  upwards  of  three-quarters  of  a  year  in  bottles 
holding  about  a  pint,  which  I  have  no  reason  to  think  was  at  all  injured; 
but  then  I  have  tried  some  kept  not  more  than  one-third  part  of  that 
time  which  seemed  to  have  been  a  little  impaired,  though  I  do  not  know 
what  it  could  be  owing  to,  unless  it  was  that  the  bottles  were  smaller, 
namely,  holding  less  than  one-fourth  of  a  pint,  and  that  in  all  of  them, 
except  two,  which  were  smaller  than  the  rest,  the  stopper  which,  however, 
fitted  in  very  tight,  was  tied  down  by  a  piece  of  bladder. 

I  made  some  experiments  also  to  try  whether  the  air  was  sensibly  more 
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dephlogisticated  at  one  time  of  the  day  than  another,  but  could  not  find 
any  difference.  I  also  made  several  trials  with  a  view  to  examine  whether 
there  was  any  difference  between  the  air  of  London  and  the  country,  by 
filling  bottles  with  air  on  the  same  day,  and  nearly  at  the  same  hour,  at 
Marl  borough -street  and  at  Kensington.  The  result  was,  that  sometimes 
the  air  of  London  appeared  rather  the  purest,  and  sometimes  that  of 
Kensington ;  but  the  difference  was  never  more  than  might  proceed  from 
the  error  of  the  experiment;  and  by  taking  a  mean  of  all,  there  did  not 
appear  to  be  any  difference  between  them.  Tlie  number  of  days  compared 
was  20,  and  a  great  part  of  them  taken  in  winter,  when  there  are  a  greater 
number  of  tires,  and  on  days  when  there  was  very  little  wind  to  blow 
away  the  smoke. 

It  is  very  much  to  be  wished,  that  those  gentlemen  who  make  experi- 
ments on  factitious  airs,  and  have  occasion  to  ascertain  their  purity  by 
the  nitrous  test,  would  reduce  their  observations  to  one  common  scale,  as 
the  different  instruments  employed  for  that  purpose  differ  so  much,  that 
at  present  it  is  almost  impossible  to  compare  the  obsen.-ations  of  one 
person  with  those  of  another.  This  may  be  done,  as  there  seems  to  be  so 
very  little  difference  in  the  purity  of  common  air  at  different  times  and 
places,  by  assuming  common  air  and  perfectly  phlogisticated  air  as  fixed 
points.  Thus,  if  the  test  of  any  air  is  found  to  be  the  same  as  that  of  a 
mixture  of  equal  parts  of  common  and  phlogisticated  air,  I  would  say. 
that  it  was  half  as  good  as  common  air;  or,  for  shortness,  I  would  say, 
that  its  standard  was  \ :  and,  in  general,  if  its  test  was  the  same  as  that 
of  a  mixture  of  one  part  of  common  air  and  x  of  phlogisticated  air,  I  would 


say,  that  its  standard  1 
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In  like  manner,  if  one  part  of  this  air 


would  bear  being  mixed  with  x  of  phlogisticated  air,  in  order  to  make  its 
test  the  same  as  that  of  common  air,  I  would  say,  that  it  was  i  +  x  times 
as  good  as  common  air,  or  that  its  standard  was  i  +  a:;  consequently,  if 
common  air,  as  Mr.  Scheele  and  La  Voisier  suppose,  consists  of  a  mixture 
of  dephlogisticated  and  phlogisticated  air,  the  standard  of  any  air  is  in 
proportion  to  the  quantity  of  pure  dephlogisticated  air  in  it.  In  order  to 
find  what  test  on  the  Eudiometer  answers  to  different  standards  below 
that  of  common  air.  all  which  is  wanted  is  to  mix  common  and  j>erfect]y 
phlogisticated  air  in  different  proportions,  and  to  take  the  test  of  those 
mixtures;  but  in  standards  above  that  of  common  air,  it  is  necessary  to 
procure  some  good  dephlogisticated  air,  and  to  find  its  standard  by  trying 
what  proportion  of  phlogisticated  air  it  must  be  mixed,  with,  in  order  to 
have  the  same  test  as  common  air.  and  then  to  mix  this  dephlogisticated 
air  with  different  proportions  of  phlogisticated  air,  and  find  the  test  of 
those  mixtures^ 

'  The  rule  for  computing  the  standard  of  any  mbcture  of  dephlogisticated  and 
phlogisticated  air  is  as  follows.    Suppose  the  test  of  a  mixture  of  D  parts  of  de- 
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On  this  principle  I  found  the  standard  answering  to  different  tests  on 
both  my  Eudiometers,  and  also  on  Fontana's,  to  be  as  follows: 


stand- 
ard 

Test  by 
first  method 

Test  by 
second 
method 

Test  by  Fontana  abridged 

r-        -^ -. 

12                   3              4 

Total  dimi- 
nution 

4-8 

5-02 

•  •  •                •  •  • 

3-62 

73 

•44 

;^3 

1-02 

3-98 

3-6i 

372 

•  •  «                •  •  • 

270 

75 

•49 

i-oo 

— 

3^ 

2-39 

( 2-55  by  large  bottle 
\2-45  by  middle  bottle 

1-87 

76 

.96 

1-92 

2-o8 

I'OO 

i-ii  by 
I -08  by 

middle  bottle 
least  bottle    J 

«       -89 

I-OO 

— 

— 

I-oo 

75 

•81 

•  •  •        •  •  • 

•69 

1-23 

— 

— 

•77 

•5 

•57 

•  •  •         •  •  • 

•51 

1-45 

— 

•55 

•25 

•32 

•  •  •        •  •  • 

•31 

1-66 

•34 

•0 

•07 

•  •  •         •  •  • 

•08 

1*94 

•06 

1     T 

Test  by  Fontana's  method 

T/\4'al  /lifTii  — 

Standan 

2 

3 

4 

5 

6 

7 

nution 

4-8 

175 

1-43         I 

•II 

78 

•46 

•21 

i-i8 

7-82 

3-6i 

175 

1-46         I 

•17 

•89 

i-i6 

2-13 

5-87 

2-39 

176 

1-50         I 

•25           J 

2-o6 

— 

3-94 

I- 

i-8i 

2-12            3 

•12 

— 

1-88 

75 

1-82 

2-54 

— 

— 

— 

1-46 

•5 

1-98 

2-94 

— 

— 

i-o6 

•25 

2-42 

3-39 

— 

— 

•61 

•0 

2-91 

— 

— 

•09 

The  phlogisticated  air  used  in  these  experiments  was  procured  by 
means  of  liver  of  sulphur. 

The  trials,  called  Fontana  abridged,  were  made  in  the  Abh6  Fontana's 
manner,  except  that  only  one  measure  of  respirable  air  was  used,  the 
nitrous  air  being  added  by  one  measure  at  a  time  as  usual.  The  column 
marked  i  at  top  is  the  bulk  of  the  mixture  after  one  measure  of  nitrous 
air  was  added;  that  marked  2,  its  bulk  after  two  measures  were  added, 
and  so  on. 

It  must  be  observed,  that  in  these  experiments  a  considerable  diminu- 
tion took  place  in  taking  the  test  of  the  immixed  phlogisticated  air,  or 
that  whose  standard  is  marked  o  in  the  table;  but,  notwithstanding  this, 
the  air»  as  far  as  I  could  perceive,  was  perfectly  phlogisticated,  the  diminu- 
tion being  caused  merely  by  the  absorbtion  of  the  nitrous  air  by  the  water. 

phlogisticated  air  with  P  of  phlogisticated  air  is  the  same  as  that  of  common  air. 
then  is  the  standard  of  the  dephlogisticated  air  — jr — .  Let  now  d  parts  of  this 
dephlogisticated  air  be  mixed  with  <^  parts  of  phlogisticated  air»  the  standard  of 
the  mixture  Mrill  be      _, —  x   -      -  . 
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What  shews  this  to  be  the  case  is,  that  if  common  and  nitrous  air  are 
mixed  in  such  proportions  as  that  the  nitrous  should  be  predominant,  so 
as  to  be  considerably  diminished  by  the  mixture  of  common  air,  this 
mixture  will  produce  as  great  a  diminution  with  nitrous  air  as  the  phlogis- 
ticated  air  used  in  these  experiments;  and  if  plain  nitrous  air  is  added  to 
nitrous  air,  the  diminution  is  still  greater.  This  shews,  that  a  considerable 
diminution  is  produced  by  mixing  perfectly  phlogisticated  air  with  nitrous 
air,  and  also  that  air  may  be  perfectly  phlogisticated  by  liver  of  sulphur. 

These  experiments  also  shew  the  necessity  of  using  such  a  quantity  of 
nitrous  air  as  is  sufficient  to  produce  the  full  diminution,  in  order  to  form 
a  proper  estimate  of  the  goodness  of  air;  for  if  the  quantity  of  nitrous  air 
is  much  less  than  that,  the  air  you  try  will  appear  very  little  better  than 
air  of  a  much  inferior  quality.  For  cxajnple,  if  in  taking  the  test  of  very 
good  de phlogisticated  air,  only  an  equal  bulk  of  nitrous  air  is  used,  it  will 
appear  very  little  better  than  a  mixture  of  equal  parts  of  this  and  phlogisti- 
cated air;  and  if  twice  that  quantity  of  nitrous  air  is  used,  it  will  appear 
very  little  better  than  a  mixture  of  three  parts  of  this  air  with  one  of 
phlogisticated.  Another  great  advantage  of  using  the  full  quantity  of 
nitrous  air  is,  that  thereby  the  error  arising  from  any  difference  in  its 
purity  is  very  much  diminished. 

Perfectly  phlogisticated  air  may  be  conveniently  procured  by  putting 
some  solution  of  liver  of  sulphur  into  a  bottle  of  air  well  stopped,  and 
shaking  it  frequently  till  the  air  is  no  longer  diminished,  which,  unless  it 
is  shaken  very  frequently,  will  take  up  some  days.  Care  must  be  taken, 
however,  to  loosen  the  stopper  now  and  then,  so  as  to  let  in  air  to  supply 
the  place  of  the  diminished  air.  In  order  to  know  when  the  air  is  as  much 
diminished  as  it  can  be.  the  best  way  is,  when  the  air  is  supposed  to  be 
nearly  phlogisticated.  to  place  the  bottle  with  its  mouth  under  wafer,  still 
keeping  it  stopped,  and  to  loosen  the  stopper  now  and  then,  while  under 
water,  so  as  to  let  in  water  to  supply  the  place  of  the  diminished  air,  by 
which  means  the  alteration  of  weight  of  the  bottle  shews  whether  the  air 
is  diminished  or  not.  If  the  solution  of  liver  of  sulphur  is  made  by  boiling 
together  fixed  alkali,  lime,  and  flowers  of  sulphur,  which  is  the  most 
convenient  way  of  procuring  it,  the  air  phlogisticated  by  it  will  be  per- 
fectly free  from  fixed  air:  whether  it  will  be  so  if  the  liver  of  sulphur  is 
made  without  Urae,  I  am  not  sure. 

A  still  more  convenient  way,  however,  of  procuring  phlogisticated  air 
is  by  a  mixture  of  iron  filings  and  sulphur;  and,  as  far  as  I  can  perceive, 
the  air  procured  this  way  is  as  completely  phlogisticated  as  that  pre- 
pared by  hver  of  sulphur. 

Where  the  impurities  mixed  with  the  air  have  any  considerable  smell, 
our  sense  of  smelling  may  be  able  to  discover  them,  though  the  quantity 
is  vastly  too  small  to  phlogisticate  the  air  in  such  a  degree  as  to  be  per- 
ceived by  the  nitrous  test,  even  though  those  impurities  impart  their 
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\s\\\\\^M\s\\  t»»  tho  uti  voiy  hvoly.  I^'or  instance,  the  great  and  instan- 
liUUMiu**  powri  o(  mUmmih  (^ii  in  |>hh>Kistioatin^  rommon  air  is  well  known; 
\\\\\\  \v\  W\\  \s\\\\\\^  n\o«iH\nvji  ol  nitimjs  uir,  mixed  with  the  air  of  a  room 
npwtu^l^  ol  twvlw  Ivot  x\\\\\  \\(K\\  is  sutVuiont  to  communicate  a  strong 
>»null  to  it,  th^^UK^  Hn  otVtHl  in  |\l\l*>jkiisticutii\g  the  air  must  be  utterly 
tn*nMiMMo  \\\  \\w  \\\\v\\  \<\\\\\\\\\\\^W\\  for  that  quantity  of  nitrous  air  is  not 
n^oh^  \\\\\\\  tho  ^\HHH>th  |mU  ot  the  air  of  the  r\x>m.  and  therefore  can 
h<o>U\  i\\W\  W^  t^M  hv  nuvtv  than  ^^.n^^o  ^^  ^liv^^th  part,  Liwr  of 
M^^^h\n  iOvN  |\hU\jiiM^xat\  >  tho  air  wry  tixvK\  and  \vt  the  air  of  a  room 
wOi  ax>|nn>^  a  w^v  mun^v<  >^^^'U  tuMu  a  quantity  of  it  vastly  too  small  to 
\\>^U^^xh>sM>^  \\  \\\  an\  ^^n>J(<>K^  \U>:ix\\  In  Ukx^  manner  it  is  certain,  that 
^N^tutX^Vi  a^M^^^J  a^Vxi  xx'^^tahK^  suK^tamvs.  |vunt  nuxed  with  oil,  and 
rt\N\\>^^x  haw  a  jiUN^t  tv^VvK^^hX  to  j>hK>«:isnoau^  the  air;  and  wt  it  has 
Ks  \>  tx^v^VNi  tK^t  tV  a\^.  >^t  a»  hx>^^^  vM  vN:)>ct\  ot  Ji  m^sh  jviinted  rxx«i.  and 
ot  N^  usN^^  \i^  \\^,K^  v^^^  a  uxm^iy^r  \Nt  tiv^^x-^r^  >i^yw  kept  as  to  be  x-eiy 
xl^xVKXNW^^J^^  t\^  ^^VA^W  j\NiNj,>ft^v  \\4s  «<^?  >^^n:iaih5y  n>oiv  rlik^:i55kated  than 

'iV^'i  iVv  vx^Vv^vsw  Saw  ^>5  nv^^h  tx^r>vfc:xy  to  phkxis5>rjLte  tie  air, 

>s^'w  ^Nvv%,^  v^s^  >is^<fei^  OA^.  ^^  :?5fWk^x  C".4;5*f^  r*fcv>rt>^  Whrr^CL'T  -^sTTHiT^f*- 
5NNVA  <^ysx  ;>s*5t  5»Y,  f^t<  v^v^^cv  •  V  JU".  ^  >i*"  r^c^afo^rh""  -riua«??d  lic  i  rot- 

^O^i.v^'^"^  "^  "^"^^v    w  .^K^^   jwi^-   mi4rx   xpicja>  ,^.  nh^.xT^c^r^'nnc  air  ^icxiiiia: 
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XX.  Observations  on  Mr .  Hutchins's  Experime?itsfor 
determining  the  Degree  of  Cold  at  which  Quick- 
silver freezes.   By  Henry  Cavendish,  Esq.^  F.R.S. 

Read  May  i,  1783 

1  HE  design  of  the  following  paper  is  to  explain  some  particulars  in  the 
apparatus  sent  by  me  to  Mr.  Hutchins,  the  intention  of  which  does  not 
readily  appear ;  and  also  to  endeavour  to  shew  the  cause  of  some  phenomena 
which  occurred  in  his  experiments;  and  point  out  the  consequences  to  be 
drawn  from  them. 

This  apparatus  was  intended  to  determine  the  precise  degree  of  cold 
at  which  quicksilver  freezes:  it  consisted  of  a  small  mercurial  thermo- 
meter, the  bulb  of  which  reached  about  z\  inches  below  the  scale,  and  was 
inclosed  in  a  glass  cylinder  swelled  at  bottom  into  a  ball,  which,  when 
used,  was  filled  with  quicksilver,  so  that  the  bulb  of  the  thermometer  was 
intirely  surrounded  with  it.  If  this  cylinder  is  immersed  in  a  freezing 
mixture  till  great  part  of  the  quicksilver  in  it  is  frozen,  it  is  evident,  that 
the  degree  shewn  at  that  time  by  the  inclosed  thermometer  is  the  precise 
.  point  at  which  mercury  freezes :  for  as  in  this  case  the  ball  of  the  ther- 
mometer must  be  surrounded  for  some  time  with  quicksilver,  part  of 
which  is  actually  frozen,  it  seems  impossible,  that  the  thermometer  should 
be  sensibly  above  that  point;  and  while  any  of  the  quicksilver  in  the 
cylinder  remains  fluid,  it  is  impossible  that  it  should  sink  sensibly  below 
it.  The  ball  of  the  thermometer  was  kept  constantly  in  the  middle  of  the 
swelled  part  of  the  cylinder,  without  danger  of  ever  touching  the  sides,  by 
means  of  some  worsted  wound  round  the  tube.  Tliis  worsted  also  served 
to  prevent  the  access  of  the  air  to  the  quicksilver  in  the  cylinder,  which, 
if  not  prevented,  would  have  made  it  more  difficult  to  have  communicated 
a  sufficient  degree  of  cold.  The  diameter  of  the  bulb  of  the  thermometer 
was  rather  less  than  one-fourth  of  an  inch,  that  of  the  swelled  part  of  the 
cylinder  was  two-thirds,  so  that  there  was  nowhere  a  much  less  thickness 
of  quicksilver  between  the  ball  and  cylinder  than  one-sixth  of  an  inch. 
The  bulb  of  the  thermometer  was  purposely  made  as  small  as  it  con- 
veniently could,  in  order  to  leave  a  sufficient  space  between  it  and  the 
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cylinder,  without  making  the  swelled  part  thereof  larger  than  necessary, 
which  would  have  caused  more  difficulty  in  freezing  the  quicksilver  in  it. 
Two  of  these  instnunents  were  sent  for  fear  of  accidents. 

One  of  the  most  striking  circiunstances  in  the  experiments  which  have 
been  made  for  freezing  mercury,  is  the  excessively  low  degree  to  which  the 
thermometers  simk,  and  which,  if  it  had  proceeded,  as  was  commonly 
supposed  from  the  freezing  mixture  having  actuaUy  produced  such  a 
degree  of  cold,  would  have  been  really  astonishing.  The  experiments, 
however,  made  at  Petersbiu"g  afforded  the  utmost  reason  to  suppose,  and 
Mr.  Hutchins's  last  experiments  have  put  beyond  a  possibility  of  doubt, 
that  quicksilver  contracts  in  the  act  of  freezing,  or  in  other  words,  that  it 
takes  up  less  room  in  a  solid  than  in  a  fluid  state;  and  that  the  very  low 
degree  to  which  the  thermometers  sunk  was  owing  to  this  contraction, 
and  not  to  the  intensity  of  the  cold  produced:  for  example,  in  one  of 
Mr.  Hutchins's  experiments  a  mercurial  thermometer,  placed  in  the 
freezing  mixture,  sunk  to  450°  below  nothing,  though  the  cold  of  the 
mixture  was  never  more  than  —  46** ;  so  that  the  quicksilver  was  contracted 
not  less  than  404°  by  the  action  of  freezing. 

If  a  glass  of  water,  with  a  thermometer  in  it,  is  exposed  to  the  cold,  the 
thermometer  will  remain  perfectly  stationary  from  the  time  the  water 
begins  to  freeze  till  it  is  intirely  congealed,  and  will  then  begin  to  sink 
again.  In  like  manner,  if  a  thermometer  is  dipped  into  melted  tin  or  lead, 
it  will  remain  perfectly  stationary,  as  I  know  by  experience,  from  the 
time  the  metal  begins  to  harden  roimd  the  edges  of  the  pot  till  it  is  all 
become  solid,  when  it  will  again  begin  to  descend;  and  there  was  no  reason 
to  doubt  that  the  same  thing  would  obtain  in  quicksilver. 

From  what  has  been  just  said  it  was  concluded,  that  if  this  apparatus 
was  put  into  a  freezing  mixture  of  a  sufficient  coldness,  the  thermometer 
would  immediately  sink  till  the  quicksilver  in  the  cylinder  began  to  freeze,  • 
and  would  then  continue  stationary,  supposing  the  mixture  still  to  keep 
cold  enough,  till  it  was  intirely  congealed.  This  stationary  height  of  the 
thermometer  is  the  point  at  which  mercury  freezes,  though  in  order  to 
make  the  experiment  convincing,  it  was  necessary  to  continue  the  process 
till  so  much  of  the  quicksilver  in  the  cylinder  was  frozen  as  to  put  the  fact 
out  of  doubt. 

If  the  experiment  had  been  tried  with  no  further  precautions,  I  appre- 
hended that  considerable  difficulties  would  have  occurred,  from  want  of 
kno\%-ing  whether  the  cold  of  the  mixture  was  sufficiently  great,  and  when 
a  sufficient  quantity  of  the  quicksilver  was  frozen ;  for,  in  the  first  place, 
there  would  be  no  judging  when  a  sufficient  quantity  was  frozen  without 
taking  out  the  apparatus  now  and  then  to  examine  it,  which  could  not  be 
done  wthout  a  loss  of  cold ;  and  what  is  still  worse,  if  before  the  experiment 
was  completed  the  cold  of  the  mixture  was  so  much  abated  as  to  become 
less  than  that  of  congealing  mercury,  the  frozen  quicksilver  would  begin 
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to  melt,  and  the  operator  would  have  no  way  of  detecting  it,  but  by 
finding  that  great  part  of  his  labour  was  undone.  For  this  reason  two 
other  mercurial  thermometers  were  sent  called  A  and  B  by  Mr.  Hutchins, 
the  scales  of  which  were  of  wood,  for  which  reason  I  shall  call  them,  for 
shortness,  the  wooden  thermometers,  as  I  shall  call  the  two  others  the 
ivory  ones,  their  scales  being  of  that  material;  they  were  graduated  to 
about  600°  below  nothing,  and  their  balls  were  nearly  equal  in  diameter 
to  the  swelled  part  of  the  cyUnders,  in  order  that  the  quicksil^-er  in  both 
should  cool  equally  fast ;  and  it  was  recommended  to  Mr.  Hutchins  to  put 
one  of  these  into  the  freezing  mixture  along  with  the  apparatus:  for  then, 
if  the  cold  of  the  mixture  was  sufficient,  both  thermometers  would  sink 
fast  till  the  quicksilver  in  the  cylinder  began  to  freeze,  when  the  ivory 
thermometer  would  become  stationary,  but  the  wooden  one  would  still 
continue  to  sink,  on  account  of  the  contraction  of  the  quicksilver  in  its 
ball  by  freezing;  but  if  this  last  thermometer,  after  having  continued  to 
sink  for  some  time  after  the  ivory  one  had  become  stationary,  ceased  at 
last  to  descend,  it  would  shew,  that  the  mixture  was  no  longer  cold  enough 
to  freeze  mercury;  for  as  long  as  that  was  the  case,  the  wooden  ther- 
mometer would  continue  to  descend  by  the  freezing  of  fresh  portions  of 
quicksilver  in  its  ball,  but  would  cease  to  do  so  as  soon  as  the  cold  was  at 
all  less  than  that.  As  I  was  afraid,  however,  that  the  quicksilver  might 
possibly  freeze  and  stick  tight  in  the  tube  of  this  thermometer,  and  prevent 
its  sinking,  which  would  make  the  cold  of  the  mixture  appear  too  small 
when  in  reality  it  was  not,  one  of  these  thermometers  instead  of  having  a 
vacuum  above  the  quicksilver  as  usual,  was  made  with  a  bulb  at  top  filled 
with  air,  in  order  that  the  pressure  might  serve  to  force  down  the  quick- 
silver. 

If  the  degree  of  cold  at  which  mercury  freezes  had  been  known,  a  spirit 
thermometer  would  have  answered  better;  but  that  was  the  point  to  be 
determined. 

Another  advantage  which  I  expected  from  the  wooden  thermometer 
was,  that  it  would  afford  a  guess  when  a  sufficient  quantity  of  the  quick- 
silver in  the  cylinder  was  frozen ;  for  if  the  cold  was  continued  long  enough 
to  make  that  thermometer  sink  to  near  400°  below  nothing,  I  supposed,  a 
very  visible  portion  of  the  quicksilver  would  be  frozen. 

It  must  be  observed,  however,  that  in  Mr.  Hutchins's  experiments  the 
natural  cold  approached  so  near  to  the  point  of  mercurial  congelation,  and 
in  consequence  the  freezing  mixture  retained  its  cold  so  long  as  to  make 
these  precautions  of  not  so  much  use  as  they  would  otherwise  have  been. 

As  it  appeared,  from  Mr.  Hutchins's  table  of  comparison,  that  these 
thermometers  did  not  agree  well  together,  they  were  all  examined  after 
they  came  back,  except  the  ivory  thermometer  F,  which  was  broke  before 
it  arrived.  This  loss,  however,  is  of  little  consequence,  as  it  appeared  from 
the  abovementioned  table,  that  F  and  G  agreed  well  together.  The  boiling 
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and  freezing  points  were  first  examined  in  the  presence  of  Sir  Joseph 
Banks,  Dr.  Blagden,  Mr.  Hutchins,  Mr.  Naime,  and  myself,  when  the 
divisions  on  the  scale  answering  thereto  were  foimd  to  be  as  follows: 

Boiling  point     Freezing  point 

A  220*3  29*9 

B  2i8'8  30-9 

G  215-3  32 

The  boiling  point  was  tried  in  the  manner  recommended  in  the  report 
of  the  Committee  of  the  Royal  Society,  printed  in  the  Philosophical  Trans- 
actions  for  the  year  1777,  and  allowance  made,  as  there  directed,  for  the 
height  of  the  barometer  at  that  time.  In  fixing  the  freezing  point  also 
allowance  was  made  for  the  temperature  of  the  room  in  which  it  was  tried. 

The  great  difference  in  the  position  of  the  boiling  point  on  these 
thermometers  seems  owing  only  to  care  not  having  been  taken  to  keep  the 
quicksilver  in  the  tube  of  the  same  heat  as  that  in  the  ball,  which  is  a  cir- 
cumstance that  was  very  little  attended  to  when  they  were  made;  and 
I  am  afraid  is  not  so  much  observed  at  present  as  it  ought  to  be,  and  which 
in  A  and  B,  whose  tubes  contained  upwards  of  900**  of  quicksilver,  caused 
an  excessively  great  error,  and  much  more  than  it  did  in  G,  which  contained 
fewer  degrees  in  its  tube. 

In  order  to  see  whether  the  inequalities  of  the  bore  of  the  tube  were 
properly  allowed  for,  a  coliunn  of  quicksilver,  about  100®  long,  was 
separated  from  the  rest;  and  it  was  examined,  whether  its  length  com- 
prehended the  same  number  of  degrees  on  the  scale  in  different  parts  of 
the  tube ;  when  no  sensible  error  could  be  found  in  this  respect  in  G,  and 
none  worth  regarding  in  B,  The  thermometer  A,  by  reason  of  its  being 
constructed  with  a  bulb  filled  with  air  at  top,  could  not  be  examined  in 
this  manner;  but  there  is  no  reason  to  think,  that  it  was  faulty  in  this 
respect. 

From  what  has  been  said  it  appears,  that  i83**-3  on  the  scale  of  G  are 
equal  to  only  180°  on  a  thermometer  adjusted  as  recommended  by  the 
Committee,  and  therefore  72**  are  equal  to  70°! ;  so  that  the  point  of  —  40° 
answers  really  to  —  38°! ;  that  is,  the  cold  shewn  by  this  thermometer  at 
the  temperature  of  about  —  40°  is  i°J  too  great.  In  like  manner  it  appears, 
that  the  cold  shewn  at  that  temperatiire  by B  is  4° J ,  and  by ^  6^\ ,  too  great. 

On  the  whole,  these  thermometers  seem  to  have  been  carefully  made, 
their  disagreement  being  owing  only  to  a  faulty  manner  of  adjusting  the 
boiling  point,  and  to  not  allowing  for  the  temper  of  the  air  in  settling  the 
degree  of  freezing;  and  as  these  points  were  examined  after  they  came 
back,  the  experiments  made  with  them  are  just  as  much  to  be  depended 
on  as  if  they  had  been  truly  adjusted  at  first. 

These  instruments  were  made  in  the  year  1776,  and  were  intended  to 
have  been  sent  to  Mr.  Hutchins  that  year,  through  the  hands  of  the  late 
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Dr.  Maty,  who  promised  to  recommend  the  experiment  to  him;  but,  by 
not  being  got  ready  time  enough  to  be  sent  that  year,  and  a  mistaken 
supposition  that  Mr.  Hutchins  was  to  come  back  the  next  summer,  they 
were  prevented  from  being  sent  till  1781;  when  Sir  Joseph  Banks  was 
informed  by  Mr.  Wegg,  that  there  was  a  gentleman  at  Hudson's  Bay  who 
was  willing  to  undertake  any  experiments  of  that  kind;  and  that  the 
Hudson's  Bay  Company  would  be  at  the  expence  of  any  instruments 
necessary  for  the  purpose.  Then,  as  Sir  Joseph  thought  the  abovemen- 
tioned  apparatus  well  adapted  to  the  purpose,  I  gladly  embraced  the 
opportunity  of  sending  it.  It  appears,  however,  from  the  letter  inserted 
by  Mr,  Hutchins,  that  Dr.  Black,  without  being  acquainted  with  what 
I  had  done,  recommended  nearly  the  same  method  of  determining  the 
degree  of  cold  at  which  mercury  freezes. 

Besides  the  abovementioned  instruments^  there  were  sent  to  Mr. 
Hutchins  two  spirit  thermometers  and  a  thermometer  marked  C,  made  at 
the  expence  of  the  Hudson's  Bay  Company,  The  two  spirit  thermometers 
were  made  at  the  recommendation,  and  under  the  inspection  of  Dr. 
Blagden,  and  were  of  great  use,  as  they  serve  to  ascertain  several  circum- 
stances relating  to  the  experiments,  which  could  not  otherwise  have  been 
determined.  The  intention  of  the  thermometer  C  will  be  mentioned  in  the 
course  of  this  paper. 

Before  I  enter  into  the  examination  of  Mr.  Hutchins's  experiments,  it 
will  be  proper  to  take  notice  of  a  phenomenon  which  occurs  in  the  freezing 
of  water,  and  is  now  fomid  to  take  place  in  that  of  quicksilver,  and  which 
occasioned  many  remarkable  appearances  in  these  experiments. 

It  is  well  known,  that  if  a  vessel  of  water,  with  a  thermometer  in  it,  is 
exposed  to  the  cold,  the  thermometer  will  sink  several  degrees  below  the 
freezing  point,  especially  if  the  water  is  covered  up  so  as  to  be  defended 
from  the  wind,  and  care  is  taken  not  to  agitate  it;  and  then,  on  dropping 
in  a  bit  of  ice,  or  on  mere  agitation,  spicule  of  ice  shoot  suddenly  through 
the  water,  and  the  inclosed  thermometer  rises  quickly  to  the  freezing  point 
where  it  remains  stationary^. 

This  shews,  that  water  is  capable  of  being  cooled  considerably  below 
the  freezing  point,  without  any  congeiation  taking  place ;  and  that,  as  soon 
as  by  any  means  a  small  part  of  it  is  made  to  freeze,  the  ice  spreads  rapidly 

*  Thougli  I  here  say  conformably  to  the  common  opinion,  that  mere  agitation 
may  set  the  water  a  freezing,  yet  some  experiments,  lately  made  by  Dr.  Blagden, 
seem  to  shew,  that  it  has  not  much,  if  any,  effect  of  that  kind,  otherwise  than  by 
bringing  the  water  in  contact  with  some  substance  colder  than  itself.  Though  in 
general  also  the  ice  shoots  rapidly,  and  the  inclosed  thermometer  rises  very  quick; 
yet  I  once  observed  it  to  rise  very  slowly,  as,  to  the  best  of  my  remembrance,  it 
took  up  not  less  than  half  a  minute  tiefore  it  rose  to  the  freezing  point;  but  in  this 
experiment  the  water  was  cooled  not  more  than  one  or  two  degrees  below  freezing; 
and  it  should  seem,  that  the  more  the  water  is  cooled  below  that  point,  the  more 
rapidly  the  ice  shoots,  and  the  inclosed  thermometer  rises. 
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days  of  trial  were  really  more  dephlogisticated  than  the  rest ;  but  yet,  I 
believe,  that  they  were  not:  for  whenever  there  was  any  considerable 
difference  between  the  means  of  two  successive  days  of  trial,  there  was 
nearly  the  same  difference  between  the  tests  of  the  two  bottles  of  the  very 
same  air  tried  on  those  two  days.  For  example,  the  mean  of  the  trials  on 
July  7  was  -016  less  than  that  of  those  on  the  15th  of  the  same  month; 
but  then  the  test  of  the  air  caught  and  tried  on  the  7th  was  equally  less 
than  that  of  the  air  of  the  same  day  tried  on  the  15th;  which  shews,  that 
this  difference  between  the  means  of  those  two  days  was  not  owing  to  the 
parcels  of  air  tried  on  the  former  day  being  really  more  dephlogisticated 
than  those  tried  on  the  latter,  but  only  to  some  unperceived  difference  in 
the  manner  of  trying  the  experiment ;  or  else  to  some  imknown  difference 
in  the  nature  of  the  water  or  nitrous  air  employed.  A  circumstance  which 
seems  to  shew  that  it  was  owing  to  the  first  of  these  two  causes  is,  that 
it  frequently  happened,  that  on  those  days  in  which  the  tests  taken  in 
the  first  method  came  out  greater  than  usual,  those  taken  in  Fontana's 
manner,  or  in  the  second  method,-  did  not  do  so;  the  trials,  however, 
made  in  these  two  methods  were  too  few  to  determine  any  thing  with 
certainty.  On  the  whole  there  is  great  reason  to  think,  that  the  air  was 
in  reahty  not  sensibly  more  dephlogisticated  on  any  one  of  the  sixty  days 
on  which  I  tried  it  than  the  rest. 

The  highest  test  I  ever  observed  was  i-ioo,  the  lowest  i-o68,  the 
mean  i-^2. 

I  would  by  all  means  recommend  it  to  those  who  desire  to  compare 
the  air  of  different  places  and  seasons,  to  fill  bottles  with  the  air  of  those 
places,  and  to  try  them  at  the  same  time  and  place,  rather  than  to  try 
them  at  the  time  they  were  filled,  as  all  the  errors  to  which  this  experi- 
ment is  Uable,  as  well  those  which  proceed  from  small  differences  in  the 
manner  of  trying  the  experiment,  as  those  which  proceed  from  a  difference 
in  the  nature  of  the  water  and  nitrous  air,  will  commonly  be  much  less 
when  the  different  parcels  of  air  are  tried  at  the  same  time  and  place  than 
at  different  ones;  provided  only,  that  air  can  be  kept  in  this  manner  a 
sufficient  time  without  being  injured,  which  I  believe  it  may,  if  the  bottles 
are  pretty  large,  and  care  is  taken  that  they,  as  well  as  the  water  used  in 
filling  them  with  air,  are  perfectly  clean.  I  have  tried  air  kept  in  the 
abovementioned  manner  for  upwards  of  three-quarters  of  a  year  in  bottles 
holding  about  a  pint,  which  I  have  no  reason  to  think  was  at  all  injured; 
but  then  I  have  tried  some  kept  not  more  than  one-third  part  of  that 
time  which  seemed  to  have  been  a  little  impaired,  though  I  do  not  know 
what  it  could  be  owing  to,  unless  it  was  that  the  bottles  were  smaller, 
namely,  holding  less  than  one-fourth  of  a  pint,  and  that  in  all  of  them, 
except  two,  which  were  smaller  than  the  rest,  the  stopper  which,  however, 
fitted  in  very  tight,  was  tied  down  by  a  piece  of  bladder. 

I  made  some  experiments  also  to  try  whether  the  air  was  sensibly  more 
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dephlogisticated  at  one  time  of  the  day  than  another,  but  could  not  find 
any  difference.  I  also  made  several  trials  with  a  view  to  examine  whether 
there  was  any  difference  between  the  air  of  London  and  the  country,  by 
filling  bottles  with  air  on  the  same  day,  and  nearly  at  the  same  hour,  at 
Marlborough-street  and  at  Kensington.  The  result  was,  that  sometimes 
the  air  of  London  appeared  rather  the  purest,  and  sometimes  that  of 
Kensington;  but  the  difference  was  never  more  than  might  proceed  from 
the  error  of  the  experiment;  and  by  taking  a  mean  of  all.  there  did  not 
appear  to  be  any  difference  between  them.  The  number  of  days  compared 
was  20,  and  a  great  part  of  them  taken  in  winter,  when  there  are  a  greater 
number  of  fires,  and  on  days  when  there  was  very  little  wind  to  blow 
away  the  smoke. 

It  is  very  much  to  be  wished,  that  those  gentlemen  who  make  experi- 
ments on  factitious  airs,  and  have  occasion  to  ascertain  their  purity  by 
the  nitrous  test,  would  reduce  their  obser\'ations  to  one  common  scale,  as 
the  different  instruments  employed  for  that  purpose  differ  so  much,  that 
at  present  it  is  almost  impossible  to  compare  the  observations  of  one 
person  with  those  of  another.  This  may  be  done,  as  there  seems  to  be  so 
very  little  difference  in  the  purity  of  common  air  at  different  times  and 
places,  by  assmning  common  air  and  perfectly  phlogisticated  air  as  fixed 
points.  Thus,  if  the  test  of  any  air  is  found  to  be  the  same  as  that  of  a 
mixture  of  equal  parts  of  common  and  phlogisticated  air,  I  would  say. 
that  it  was  half  as  good  as  common  air;  or,  for  shortness,  I  would  say. 
that  its  standard  was  J:  and,  in  general,  if  its  test  was  the  same  as  that 
of  a  mixtiu-e  of  one  part  of  common  air  and  x  of  phlogisticated  air.  I  would 


In  like 


if  one  part  of  this  air 


say,  that  its  standard  was    --     . 

would  bear  being  mixed  with  x  of  phlogisticated  air,  in  order  to  make  its 
test  the  same  as  that  of  common  air.  I  would  say.  that  it  was  i  -\-  x  times 
as  good  as  common  air,  or  that  its  standard  was  i  -\-  x\  consequently,  if 
common  air.  as  Mr.  Scheele  and  La  Voisier  suppose,  consists  of  a  mixture 
of  dephlogisticated  and  phlogisticated  air,  the  standard  of  any  air  is  in 
proportion  to  the  quantify  of  pure  dephlogisticated  air  in  it.  In  order  to 
find  what  test  on  the  Eudiometer  answers  to  different  standards  below 
that  of  common  air,  all  which  is  wanted  is  to  mix  common  and  perfectly 
phlogisticated  air  in  different  proportions,  and  to  take  the  test  of  those 
mixtures;  but  in  standards  above  that  of  common  air,  it  is  necessary  to 
procure  some  good  dephlogisticated  air,  and  to  find  its  standard  by  trying 
what  proportion  of  pfilogisticafed  air  it  must  be  mixed,  with,  in  order  to 
have  the  same  test  as  common  air,  and  then  to  mix  this  dephlogisticated 
air  with  different  proportions  of  phlogisticated  air,  and  find  the  test  of 
those  mixtures^. 

'  The  rule  for  computing  the  standard  of  any  mixture  of  dephlogisticated  and 
phlogisticated  air  is  as  follows.    Suppose  the  test  o(  a  mixture  of  D  parts  of  do- 
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On  this  principle  I  found  the  standard  answering  to  different  tests  on 
both  my  Eudiometers,  and  also  on  Fontana's,  to  be  as  follows: 


stand- 
ard 

Test  by 
first  method 

Test  by 
second 
method 

Test  by  Fontana  abridged 
12                 3             4 

Total  dimi- 
nution 

4-8 

5-02 

•  •  •                •  •  • 

362 

•73 

•44 

;^3 

1-02 

3-98 

3-6i 

3-72 

•  •  •                •  •  • 

270 

•75 

•49 

I-OO 

3^ 

2-39 

|2-55  by  large  bottle 
|2-45  by  middle  bottle 

1-87 

76 

.96 

1-92 

— 

2-o8 

I-OO 

ji-ii  by 
|i-o8  by 

middle  bottle 
least  bottle    J 

•89 

I-OO 

— 

I -00 

75 

•8i 

•  •  •         •  •  • 

•69 

123 

— 

— 

77 

•5 

•57 

•  •  •         •  •  • 

•51 

1-45 

— 

•55 

•25 

•32 

•  •  •        •  •  • 

•31 

1-66 

•34 

•0 

•07 

•  •  •         •  •  ■ 

•08 

1-94 

-06 

d        I 

Test  by  Fontana's  method 

Tntal  Himi. 

Standan 

2 

3 

4 

5 

6 

7 

nution 

4-8 

1-75 

1^43         I 

•II 

78 

•46 

-21 

i-i8 

7-82 

3-6i 

1-75 

1-46         I 

•17 

•89 

i'i6 

2-13 

5-87 

2-39 

176 

1-50         I 

•25          i 

2-o6 

3^94 

I- 

i-8i 

2-12            3 

•12 

1-88 

75 

1-82 

2-54 

— 

— 

1-46 

•5 

1-98 

2-94 

— 



1-06 

•25 

2-42 

3^39 

•61 

•0 

2-91 

-09 

The  phlogisticated  air  used  in  these  experiments  was  procured  by 
means  of  liver  of  sulphur. 

The  trials,  called  Fontana  abridged,  were  made  in  the  Abb6  Fontana's 
manner,  except  that  only  one  measure  of  respirable  air  was  used,  the 
nitrous  air  being  added  by  one  measure  at  a  time  as  usual.  The  column 
marked  i  at  top  is  the  bulk  of  the  mixture  after  one  measure  of  nitrous 
air  was  added;  that  marked  2,  its  bulk  after  two  measures  were  added, 
and  so  on. 

It  must  be  observed,  that  in  these  experiments  a  considerable  diminu- 
tion took  place  in  taking  the  test  of  the  unmixed  phlogisticated  air,  or 
that  whose  standard  is  marked  o  in  the  table ;  but,  notwithstanding  this, 
the  air,  as  far  as  I  could  perceive,  was  perfectly  phlogisticated,  the  diminu- 
tion being  caused  merely  by  the  absorbtion  of  the  nitrous  air  by  the  water. 

phlogisticated  air  with  P  of  phlogisticated  air  is  the  same  as  that  of  common  air, 

D  ■\-  P 
then  is  the  standard  of  the  dephlogisticated  air  — =r — .    Let  now  d  parts  of  this 

dephlogisticated  air  be  mixed  with  </>  parts  of  phlogisticated  air,  the  standard  of 

the  mixture  will  be  — =r —  x  ^ — - . 

D         d  +  <^ 


a  New  Eudiometer 


'43 


What  shews  this  to  be  the  case  is,  that  if  common  and  nitrous  air  are 
mixed  in  such  proportions  as  that  the  nitrous  should  be  predominant,  so 
as  to  be  considerably  diminished  by  the  mixture  of  common  air,  this 
mixture  will  produce  as  great  a  diminution  with  nitrous  air  as  the  phlogis- 
ticated  air  used  in  these  experiments;  and  if  plain  nitrous  air  is  added  to 
nitrous  air,  the  diminution  is  still  greater.  This  shews,  that  a  considerable 
diminution  is  produced  by  mixing  perfectly  phlogisticated  air  with  nitrous 
air,  and  also  that  air  may  be  perfectly  phlogisticated  by  hver  of  sulphur. 

These  experiments  also  shew  the  necessity  of  using  such  a  quantity  of 
nitrous  air  as  is  sufficient  to  produce  the  full  diminution,  in  order  to  form 
a  proper  estimate  of  the  goodness  of  air;  for  if  the  quantity  of  nitrous  air 
is  much  less  than  that,  the  air  you  try  will  appear  very  little  better  than 
air  of  a  much  inferior  quality,  For  example,  if  in  taking  the  test  of  very 
good  de phlogisticated  air,  only  an  equal  bulk  of  nitrous  air  is  used,  it  will 
appear  very  little  better  than  a  mixture  of  equal  parts  of  this  and  phlogisti- 
cated air;  and  if  twice  that  quantity  of  nitrous  air  is  used,  it  will  appear 
very  little  better  than  a  mixture  of  three  parts  of  this  air  with  one  of 
phlogisticated.  Another  great  advantage  of  using  the  full  quantity  of 
nitrous  air  is,  that  thereby  the  error  arising  from  any  difference  in  its 
purity  is  very  much  diminished. 

Perfectly  phlogisticated  air  may  be  conveniently  procured  by  putting 
some  solution  of  hver  of  sulphur  into  a  bottle  of  air  well  stopped,  and 
shaking  it  frequently  till  the  air  is  no  longer  diminished,  which,  unless  it 
is  shaken  very  frequently,  will  take  up  some  days.  Care  must  be  taken, 
however,  to  loosen  the  stopper  now  and  then,  so  as  to  let  in  air  to  supply 
the  place  of  the  diminished  air.  In  order  to  know  when  the  air  is  as  much 
diminished  as  it  can  be,  the  best  way  is,  when  the  air  is  supposed  to  be 
nearly  phlogisticated,  to  place  the  bottle  with  its  mouth  under  water,  still 
keeping  it  stopped,  and  to  loosen  the  stopper  now  and  then,  while  imder 
water,  so  as  to  let  in  water  to  supply  the  place  of  the  diminished  air,  by 
which  means  the  alteration  of  weight  of  the  bottle  shews  whether  the  air 
is  diminished  or  not.  If  the  solution  of  liver  of  sulphur  is  made  by  boiling 
together  fixed  alkah,  lime,  and  flowers  of  sulphur,  which  is  the  most 
convenient  way  of  procuring  it,  the  air  phlogisticated  by  it  will  be  per- 
fectly free  from  fixed  air :  whether  it  will  be  so  if  the  hver  of  sulphur  is 
made  without  lime,  I  am  not  sure. 

A  still  more  convenient  way.  however,  of  procuring  phlogisticated  air 
is  by  a  mixture  of  iron  filings  and  sulphur;  and,  as  far  as  I  can  perceive, 
the  air  procured  this  way  is  as  completely  phlogisticated  as  that  pre- 
pared by  liver  of  sulphur. 

Where  the  impurities  mixed  with  the  air  have  any  considerable  smell, 
our  sense  of  smelling  may  be  able  to  discover  them,  though  the  quantity 
is  vastly  too  small  to  phlogisticate  the  air  in  such  a  degree  as  to  be  per- 
ceived by  the  nitrous  test,  even  though  those  impurities  impart  their 
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cylinder,  without  making  the  swelled  part  thereof  larger  than  necessary, 
which  would  have  caused  more  difficulty  in  freezing  the  quicksilver  in  it. 
Two  of  these  instnunents  were  sent  for  fear  of  accidents. 

One  of  the  most  striking  circimistances  in  the  experiments  which  have 
been  made  for  freezing  mercury,  is  the  excessively  low  degree  to  which  the 
thermometers  sunk,  and  which,  if  it  had  proceeded,  as  was  commonly 
supposed  from  the  freezing  mixture  having  actually  produced  such  a 
degree  of  cold,  would  have  been  really  astonishing.  The  experiments, 
however,  made  at  Petersburg  afforded  the  utmost  reason  to  suppose,  and 
Mr.  Hutchins's  last  experiments  have  put  beyond  a  possibility  of  doubt, 
that  quicksilver  contracts  in  the  act  of  freezing,  or  in  other  words,  that  it 
takes  up  less  room  in  a  solid  than  in  a  fluid  state ;  and  that  the  very  low 
degree  to  which  the  thermometers  sunk  was  owing  to  this  contraction, 
and  not  to  the  intensity  of  the  cold  produced:  for  example,  in  one  of 
Mr.  Hutchins's  experiments  a  merciuial  thermometer,  placed  in  the 
freezing  mixture,  sunk  to  450°  below  nothing,  though  the  cold  of  the 
mixture  was  never  more  than  —  46° ;  so  that  the  quicksilver  was  contracted 
not  less  than  404°  by  the  action  of  freezing. 

If  a  glass  of  water,  with  a  thermometer  in  it,  is  exposed  to  the  cold,  the 
thermometer  will  remain  perfectly  stationary  from  the  time  the  water 
begins  to  freeze  till  it  is  intirely  congealed,  and  will  then  begin  to  sink 
again.  In  like  manner,  if  a  thermometer  is  dipped  into  melted  tin  or  lead, 
it  will  remain  perfectly  stationary,  as  I  know  by  experience,  from  the 
time  the  metal  begins  to  harden  roimd  the  edges  of  the  pot  till  it  is  all 
become  solid,  when  it  will  again  begin  to  descend;  and  there  was  no  reason 
to  doubt  that  the  same  thing  would  obtain  in  quicksilver. 

From  what  has  been  just  said  it  was  concluded,  that  if  this  apparatus 
was  put  into  a  freezing  mixture  of  a  sufficient  coldness,  the  thermometer 
would  immediately  sink  till  the  quicksilver  in  the  cylinder  began  to  freeze,  • 
and  would  then  continue  stationary,  supposing  the  mixture  still  to  keep 
cold  enough,  till  it  was  intirely  congealed.  This  stationary  height  of  the 
thermometer  is  the  point  at  which  mercury  freezes,  though  in  order  to 
make  the  experiment  convincing,  it  was  necessary  to  continue  the  process 
till  so  much  of  the  quicksilver  in  the  cylinder  was  frozen  as  to  put  the  fact 
out  of  doubt. 

If  the  experiment  had  been  tried  with  no  further  precautions,  I  appre- 
hended that  considerable  difficulties  would  have  occurred,  from  want  of 
knowing  whether  the  cold  of  the  mixture  was  sufficiently  great,  and  when 
a  sufficient  quantity  of  the  quicksilver  was  frozen ;  for,  in  the  first  place, 
there  would  be  no  judging  when  a  sufficient  quantity  was  frozen  without 
taking  out  the  apparatus  now  and  then  to  examine  it,  which  could  not  be 
done  without  a  loss  of  cold ;  and  what  is  still  worse,  if  before  the  experiment 
was  completed  the  cold  of  the  mixture  was  so  much  abated  as  to  become 
less  than  that  of  congealing  mercury,  the  frozen  quicksilver  would  begin 
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to  melt,  and  the  operator  would  have  no  way  of  detecting  it,  but  by 
finding  tliat  great  part  of  his  labour  was  undone.  For  this  reason  two 
other  mercurial  thermometers  were  sent  called  A  and  B  by  Mr.  Hutchins, 
the  scales  of  which  were  of  wood,  for  which  reason  I  shall  call  them,  for 
shortness,  the  wooden  thermometers,  as  I  shall  call  the  two  others  the 
ivory  ones,  their  scales  being  of  that  material;  they  were  graduated  to 
about  600°  below  nothing,  and  their  balls  were  nearly  equal  in  diameter 
to  the  swelled  part  of  the  cylinders,  in  order  that  the  quicksilver  in  both 
should  cool  equally  fast ;  and  it  was  recommended  to  Mr.  Hutchins  to  put 
one  of  these  into  the  freezing  mixture  along  with  the  apparatus:  for  then, 
if  the  cold  of  the  mixture  was  sufficient,  both  thermometers  would  sink 
fast  till  the  quicksilver  in  the  cylinder  began  to  freeze,  when  the  ivory 
thermometer  would  become  stationary,  but  the  wooden  one  would  still 
continue  to  sink,  on  account  of  the  contraction  of  the  quicksilver  in  its 
ball  by  freezing;  but  if  this  last  thermometer,  after  having  continued  to 
sink  for  some  time  after  the  ivory  one  had  become  stationary,  ceased  at 
last  to  descend,  it  would  shew,  that  the  mixture  was  no  longer  cold  enough 
to  freeze  mercury;  for  as  long  as  that  was  the  case,  the  wooden  ther- 
mometer would  continue  to  descend  by  the  freezing  of  fresh  portions  of 
quicksilver  in  its  ball,  but  would  cease  to  do  so  as  soon  as  the  cold  was  at 
all  less  than  that.  As  I  was  afraid,  however,  that  the  quicksilver  might 
possibly  freeze  and  stick  tight  in  the  tube  of  this  thermometer,  and  prevent 
its  sinking,  which  would  make  the  cold  of  the  mixture  appear  too  small 
when  in  reality  it  was  not,  one  of  these  thermometers  instead  of  having  a 
vacuum  above  the  quicksilver  as  usual,  was  made  with  a  bulb  at  top  filled 
with  air,  in  order  that  the  pressure  might  serve  to  force  down  the  quick- 
silver. 

If  the  degree  of  cold  at  which  mercury  freezes  had  been  known,  a  spirit 
thermometer  would  have  answered  better;  but  that  was  the  point  to  be 
determined. 

Another  advantage  which  I  expected  from  the  wooden  thermometer 
was,  that  it  would  afford  a  guess  when  a  sufficient  quantity  of  the  quick- 
silver in  the  cylinder  was  frozen ;  for  if  the  cold  was  continued  long  enough 
to  make  that  thermometer  sink  to  near  400°  below  nothing,  I  supposed,  a 
very  visible  portion  of  the  quicksilver  would  be  frozen. 

It  must  be  observed,  however,  that  in  Mr.  Hutchins's  experiments  the 
natural  cold  approached  so  near  to  the  point  of  mercurial  congelation,  and 
in  consequence  the  freezing  mixture  retained  its  cold  so  long  as  to  make 
these  precautions  of  not  so  much  use  as  they  would  otherwise  have  been. 

As  it  appeared,  from  Mr.  Hutchins's  table  of  comparison,  that  these 
thermometers  did  not  agree  well  together,  they  were  all  examined  after 
they  came  back,  except  the  ivory  thermometer  F,  which  was  broke  before 
it  arrived.  This  loss,  however,  is  of  little  consequence,  as  it  appeared  from 
the  abovementioned  table,  that  F  and  G  agreed  well  together.  The  boiling 
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In  all  the  experiments,  therefore,  tried  with  the  thermometer  G,  the 
freezing  point  came  out  —  40°.  In  those  tried  with  F,  it  came  out  either 
—  40°,  or  about  —  40°^;  so  that  as  it  appears,  from  Mr.  Hutchins's  table 
of  comparison,  that  F  stood  at  a  medium  a  quarter  of  a  degree  lower  than 
G,  the  experiments  made  with  that  thermometer  also  shew  the  freezing 
point  to  be  —  40°  on  G ;  and  as  it  appeared  from  the  examination  of  this 
thermometer  after  it  came  home,  that  —  40°  thereon  answers  to  —  38°! , 
on  a  thermometer  adjusted  in  the  manner  recommended  by  the  Committee 
of  the  Royal  Society,  it  follows,  that  all  the  experiments  agree  in  shewing 
that  the  true  point  at  which  quicksilver  freezes  is  38°! ,  or  in  whole  numbers 
39°  below  nothing. 

From  what  has  been  said  it  appears,  that  the  point  at  which  quicksilver 
freezes  has  been  determined  by  Mr.  Hutchins  in  different  ways,  all  per- 
fectly satisfactory,  and  all  agreeing  in  the  same  result.  In  the  three  first 
experiments  the  thermometer  was  surrounded  by  quicksilver,  which  con- 
tinued freezing  till  it  became  solid.  In  the  sixth  experiment  the  quicksilver 
with  which  it  was  surrounded  continued  slowly  melting  till  the  whole  was 
dissolved ;  and  in  both  cases  the  thermometer  remained  stationary  all  the 
while  at  what  we  have  just  said  to  be  the  freezing  point.  In  the  ninth  and 
tenth  experiments,  the  ball  of  the  thermometer  was  dipped  into  quick- 
silver, previously  frozen  and  beginning  to  melt,  as  usually  practised  in 
settling  the  freezing  point  on  thermometers,  and  agreed  in  the  same  result, 
the  quicksilver  in  the  last  experiment  being  frozen  by  the  natural  cold  of 
the  atmosphere;  and  in  the  former,  by  being  immersed  in,  and  in  contact 
with,  a  freezing  mixture ;  so  that  this  point  appears  to  be  determined  in  as 
satisfactory  a  manner  as  can  be  desired;  and  the  more  so,  as  it  seems 
impossible  that  experiments  should  be  made  with  more  care  and  attention, 
or  more  faithfully  and  circumstantially  related  than  these  have  been.  The 
second  and  third  experiments  also  shew,  that  quicksilver,  as  well  as  water, 
can  bear  being  cooled  a  little  below  the  freezing  point  without  freezing, 
and  is  suddenly  heated  to  that  point  as  soon  as  it  begins  to  congeal. 

On  the  Contraction  of  quicksilver  in  freezing. 

All  these  experiments  prove,  that  quicksilver  contracts  or  diminishes 
in  bulk  by  freezing;  and  that  the  very  low  degrees  to  which  the  ther- 
mometers have  been  made  to  sink,  is  owing  to  this  contraction,  and  not  to 
the  cold  having  been  in  any  degree  equal  to  that  shewn  by  the  thermo- 
meter. In  the  fourth  experiment  the  thermometer  A  sunk  to  —  450°, 
though  it  appeared  by  the  spirit  thermometers  that  the  cold  of  the  mixture 
was  not  more  than  5°  or  6°  below  the  point  of  freezing  quicksilver.  In  the 
first  experiment  also,  it  sunk  to  —  448°,  at  a  time  when  the  cold  of  the 
mixture  was  only  2°^  below  that  point;  so  that  it  appears,  that  tlje  con- 
traction of  quicksilver,  by  freezing,  must  be  at  least  equal  to  its  expansion 
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by  404"  of  heat^.  This,  however,  is  not  the  whole  contraction  which  it 
suffers;  for  it  appears,  by  an  extract  which  Mr.  Hutchins  was  so  good  as 
to  give  me  from  a  meteorological  journal,  kept  by  him  at  Albany  Fort,  that 
his  thermometer  once  sunk  to  490°  below  nothing,  though  it  appeared,  by 
a  spirit  thermometer,  that  the  cold  scarcely  exceeded  the  point  of  freezing 
quicksilver.  There  are  two  experiments  also  of  Professor  Braun,  in  which 
the  thermometer  sunk  to  544°  and  556°  below  nothing,  which  is  the  greatest 
descent  he  ever  observed  without  the  ball  being  cracked.  It  is  not  indeed 
known  how  cold  his  mixtures  were;  but  from  Mr.  Hutchins's,  there  is  great 
reason  to  think  that  they  could  not  be  many  degrees  beJow  -  40°,  If  so, 
the  contraction  which  quicksilver  suffers  in  freezing  is  sometimes  not  much 
less  than  its  expansion  by  500°  or  510°  of  heat,  that  is  almost  3^,d  of  its 
whole  bulk,  and  in  all  probability  is  never  much  more  than  that. 

It  is  very  likely,  however,  that  the  contraction  which  quicksilver  suffers 
in  freezing  is  no  very  determinate  quantity;  for  a  considerable  difference 
may  frequently  be  observed  in  the  specific  gravity  of  the  same  piece  of 
metal,  cast  different  times  over,  and  almost  all  cast  metals  become  heavier 
by  hammering;  and  it  is  likely  that  the  same  thing  may  obtain  in  quick- 
silver, which  is  only  a  metal  which  melts  with  a  much  less  degree  of  heat 
than  the  rest.  I  do  not  know,  indeed,  how  much  this  variation  can  amount 
to;  but,  on  casting  the  same  piece  of  tin  three  times  over,  I  found  its 
density  to  vary  from  7-252  to  7-294,  though  I  have  great  reason  to  think 
that  no  hollows  were  left  in  it,  and  that  only  a  small  part  of  this  difference 
could  proceed  from  the  error  of  the  experiment.  This  variation  of  density 
is  as  much  as  is  produced  in  quicksilver  by  an  alteration  of  66°  of  heat ;  and 
it  is  not  unlikely,  that  the  descent  of  a  thermometer,  on  account  of  the 
contraction  of  the  quicksilver  in  its  ball  by  freezing,  may  vary  as  much  in 
different  trials,  though  the  whole  mass  of  quicksilver  is  frozen  and  without 
any  vacuities. 

The  thermometer  marked  C  was  intended  for  frying  how  much  the 
contraction  of  quicksilver  is;  but  the  experiments  made  with  it  were  not 
attended  with  success,  as  in  the  first  experiment  it  did  not  sink  so  low  as 
A  had  done,  owing,  most  likely,  to  the  great  cold  of  the  weather  which 
froze  the  quicksUver  in  the  tube ;  and  in  the  second  experiment  the  ball 
broke. 

On  the  cold  of  the  freezing  mixtures. 

The  cold  produced  by  mixing  spirit  of  nitre  with  snow  is  owing,  as  was 
before  said,  to  the  melting  of  the  snow.   Now,  in  all  probability,  there  is  a 

'  The  numbers  here  given  are  those  shewn  by  the  thermometer  without  any 
correction;  but  if  a  proper  allowance  is  made  for  the  error  of  that  instrument  it  will 
appear,  that  the  true  contraction  was  25"  less  than  here  set  down,  and  from  the 
manner  in  which  thermometers  have  been  usually  adjusted,  it  is  likely,  that  in  the 
following  experiment  of  Mr  Hutchins,  as  well  as  those  of  Professor  Braun,  the  true 
contraction  might  equally  fall  short  of  that  shewn  by  observation. 
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certain  degree  of  cold  in  which  the  spirit  of  nitre,  so  far  from  dissolving 
snow,  win  yield  out  part  of  its  own  water,  and  suffer  that  to  freeze,  as  is 
the  case  with  solutions  of  common  salt;  so  that  if  the  cold  of  the  materials 
before  miiing  is  equal  to  this,  no  additional  cold  can  be  produced.  If  the 
cold  of  the  materials  is  less,  some  increase  of  cold  will  be  produced ;  but 
the  total  cold  will  be  less  than  in  the  former  case,  since  the  additional  coM 
cannot  be  generated  without  some  of  the  snow  being  dissol^-ed,  and  thereby 
weakening  the  add.  and  making  it  less  able  to  dis5ol\^  mere  snow:  but  yet 
the  less  the  cold  of  the  materials  is.  the  greater  will  be  the  additional  cold 
produced.  This  is  conformable  to  Mr.  Hutchins's  experiments ;  for  in  the 
fifth  ejcperiment.  in  which  the  cold  of  the  materiab  was  —  40".  the  ad- 
diti'Xiai  cold  produced  was  only  y.  In  the  nrst  experiment,  in  which  the 
cold  of  the  materials  was  only  —  zy,  an  addition  of  at  least  19=  of  cold  was 
obtained:  and  by  mixing  some  of  the  same  spirit  of  nitre  with  snow  in  this 
climate,  when  the  heat  of  the  materials  was  —  26'.  I  have  sunk  the  ther- 
mometer to  —  29" :  so  that  an  addition  of  55'  of  cold  was  produced. 

It  is  remarkable,  that  in  none  of  Mr.  Hutchins's  experiments  the  cold 
ot  the  dixture  was  more  than  6"  of  the  spirit  thermometer  below  the  point 
ot  freezing  quick5il\'er,  which  is  so  KttJe  that  it  might  iinriiiie  one  to  think, 
that  the  spirit  oi  nitre  used  by  him  was  weak.  This,  however,  was  not  the 
case^  as  its  specific  gra\-ity  at  5S"  of  heat  was  1-4023-   It  was  able  to  dis- 

^.[v*=^    JL-  its  weight  of  marble,  and  contained  \i?rv  Kttle  mixture  of  the 

vrtri-rlic  •x'  marine  acid:  as  well  as  I  could  }ud^  from  what  experience 
I  hav*?  ot  scirir  of  nitre,  it  was  as  httle  phlo^srkated  as  acid  of  that 
stren^itiL  usually  is. 

Bet.  faowe\-er  extraotdinary  it  may  at  first  appear,  there  is  the  utmost 
reason  to  think,  that  a  rather  greater  degree  of  cold  wv^cld  have  been 
t-^ririfpt^-t  if  the  spirit  of  nitre  had  l»en  weaker:  for  I  focadL  by  adding 
SDOw  ;£nidTZiI:y  to  seme  of  this  acid,  that  the  addition  of  a  small  qmntity 
produced  heat  instead  of  ox?id:  and  it  was  not  imtil  so  much  was  adied  as 
to  increase  the  heat  from  25'  to  >i'\  that  the  addition  of  more  snow  be^an 
to  pr:C:iice  coM:  the  qxiantity  of  5nv*w  required  fee  this  parpose  being 
Mctty  exactly  ocae-quirter  ot  the  wei^t  of  the  spirit  of  nitie.  and  the  heat 
:c  the  Stiow  irsd  air  of  the  roocn.  as  wvll  as  of  the  acxL  J^iag  2^*,  The 
reascn  :c  tiis  is.  thft  a  great  deal  %M  heat  is  produced  by  Tniving  water 
wr±.  sccrr:  -zi  zitre.  a^d  the  stnxicer  the  swit  is.  the  cteater  is  the  heat 
pruric^iiL  X:w  rt  apwars  frv>m  this  exp^rimetit.  that  S^:oce  the  acid  was 
rl*i:tr\i  the  heat  roioced  bv  its  univ^s::  with  the  water  foctaed  tr\xn  the 
iKi-rei  si'iw  w:is  ^ater  than  the  ov>ld  poxhiced  by  the  r^eitirig  of  the 
si.rw  izji  it  Wis  r:c  till  it  was  diluted  by  the  jbidttioc  of  ooe^airter  of 
±s  vfidi':  ::  ih^t  scbstasce.  that  the  ox-id  orncrated  bv  the  latter  cause 
lz:  : :  rXv-e^  the  heat  j^oerated  by  the  tortsier.  Frvxa  wtut  has  been 
o3»c.  that  the  cvtid  of  a  treexxE^  mixtxne.  miKif  with  the  on- 
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diluted  arid,  cannot  be  quite  so  great  as  that  of  one  made  with  the  same 
acid,  diluted  with  a  quarter  of  its  weight  of  water,  supposing  the  acid  and 
snow  to  be  both  at  28°  of  heat,  and  there  is  no  reason  to  think,  that  the 
event  will  be  different  if  they  are  colder;  for  the  undiluted  acid  will  not 
begin  to  generate  cold  until  so  much  snow  is  dissolved  as  to  increase  its 
heat  from  28"  to  51°,  so  that  no  greater  cold  will  be  produced  than  would 
be  obtained  by  mixing  the  diluted  acid  heated  to  51°  with  snow  of  the 
heat  of  28°.  This  method  of  adding  snow  gradually  to  an  acid  is  much  the 
best  way  I  know  of  finding  what  strength  it  ought  to  be  of,  in  order  to 
produce  the  greatest  effect  possible. 

By  means  of  this  acid,  diluted  in  the  above-mentioned  proportion, 
I  froze  the  quicksilver  in  the  thermometer  called  G  by  Mr.  Hutchins,  on 
the  26th  of  last  February.  I  did  not,  indeed,  break  the  thermometer  to 
examine  the  state  of  the  quicksilver  therein;  for  as  it  sunk  to  -  no"  it 
must  certainly  have  been  in  part  frozen;  but  immediately  took  it  out, 
and  put  the  spirit  thermometer  in  its  room,  in  order  to  find  the  cold  of 
the  mixture.  It  sunk  only  to  -  30°;  but,  by  making  allowance  for  the 
spirit  in  the  tube  being  not  so  cold  as  that  in  the  ball,  it  appears,  that  if  it 
had  not  been  for  this  cause  it  would  have  sunk  to  -  35°^,  which  is  5°  below 
the  point  of  freezing,  and  is  as  great  a  degree  of  cold,  within  1°,  as  was 
produced  in  any  of  Mr.  Hutchins's  experiments. 

In  this  experiment  the  thermometer  G  sunk  very  rapidly,  and,  as  far  as 
I  could  perceive,  without  stopping  at  any  intermediate  point,  till  it  came  to 
the  above-mentioned  degree  of  —  110°,  where  it  stuck.  The  materials  used 
in  making  the  mixture  were  previously  cooled,  by  means  of  salt  and  snow, 
to  near  nothing;  the  temper  of  the  air  was  between  20°  and  25°;  the 
quantity  of  acid  used  was  4^  oz. ;  and  the  glass  in  which  the  mixture  was 
made  was  surrounded  with  wool,  and  placed  in  a  wooden  box,  to  prevent 
its  losing  its  cold  so  fast  as  it  would  otherwise  have  done. 

Some  weeks  before  this,  I  made  a  freezing  mixture  with  some  spirit  of 
nitre,  much  stronger  than  that  used  in  the  foregoing  experiment,  though 
not  quite  so  strong  as  the  undiluted  acid,  in  which  the  cold  was  less  intense 
by  4°J,  as  the  thermometer  G  sunk  to  —  40°^.  It  is  true,  that  the  temper 
of  the  air  was  much  less  cold,  namely,  35°;  but  the  spirit  of  nitre  was  at 
least  as  cold,  and  the  snow  not  much  less  so.  The  experiment  was  tried  in 
the  same  vessel  and  with  the  same  precautions  as  the  former. 

'  As  the  surface  of  the  freezmg  mixture  answered  to  -  185°  on  the  tube,  there 
were  155°  of  spirit  in  the  tube  which  could  hardly  be  cooled  much  below  the  temper 
of  the  air,  and  which  must,  therefore,  be  warmer  than  that  in  the  ball  by  atwut  55° 
of  tiiis  thermometer,  as  the  heat  of  the  spirit  in  the  ball  was  before  said  to  l)e  -  35". 
and  the  temper  of  the  air  above  +  20°,  Tlierefore,  the  correction  must  be  equal  to 
the  expansion  of  a  coJumn  of  spirits  155°  long,  by  an  alteration  of  lieat  equal  to  55" 
on  this  thermometer,  which,  if  1°  on  the  scale  answers  to  i^Vi'^  "f  the  bulk  of  the 

spirit,  is  equal  to  ^-^j^^  or  5°. 
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The  cold  produced  by  mixing  oil  of  vitriol,  property  diluted  with  snow, 
is  not  so  great  as  that  procured  by  spirit  of  nitre,  though  it  seems  not  to 
differ  from  it  by  so  much  as  8°;  for  a  freezing  mixture,  prepared  with 
diluted  oil  of  vitriol,  whose  specific  gravity,  at  60°  of  heat,  was  1-5642, 
sunk  the  thermometer  G  to  —  37°,  the  experiment  being  tried  at  the  same 
time,  and  with  the  same  precautions,  as  the  foregoing.  It  was  previously 
found,  by  adding  snow  gradually  to  some  of  this  acid,  as  was  done  by  the 
spirit  of  nitre,  that  it  was  a  little,  but  not  much  stronger  than  it  ought  to 
be,  in  order  to  produce  the  greatest  effect. 


[    -S"    ] 
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XIII.  Experiments  on  Air.  5y  HenryCavendishj^j^., 
F.R.S.  ^  S,A. 

Read  January  15.  1784 

1  HE  following  experiments  were  made  principally  with  a  view  to  find  out 
the  cause  of  the  diminution  which  common  air  is  well  known  to  suffer  by 
all  the  various  ways  in  which  it  is  phlogisticated,  and  to  discover  what 
becomes  of  the  air  thus  lost  or  condensed;  and  as  they  seem  not  only  Vi 
determine  this  point,  but  also  to  throw  great  Ught  on  the  constitution  and 
manner  of  production  of  dephlogisticated  air,  I  hope  they  may  be  not  un- 
worthy the  acceptance  of  this  society. 

Many  gentlemen  have  supposed  that  fixed  air  is  either  generated  or 
separated  from  atmospheric  air  by  phlogistication,  and  that  the  observed 
diminution  is  owing  to  this  cause;  my  first  experiments  therefore  were 
made  in  order  to  ascertain  whether  any  fixed  air  is  really  produced  thereby. 
Now,  it  must  be  observed,  that  as  all  animal  and  vegetable  substances 
contain  fixed  air,  and  yield  it  by  burning,  distillation,  or  putrefaction. 
nothing  can  be  concluded  from  experiments  in  which  the  air  is  phlogisti- 
cated by  them.  The  only  methods  I  know,  which  are  not  liable  to  objection, 
are  by  the  calcination  of  metals,  the  burning  of  sulphur  or  phosphorus,  the 
mixture  of  nitrous  air,  and  the  explosion  of  inflammable  air.  Perhaps  it 
may  be  supposed,  that  I  ought  to  add  to  these  the  electric  spark;  but  I 
think  it  much  most  hkely,  that  the  phlogistication  of  the  air,  and  pro- 
duction of  fixed  air,  in  this  process,  is  owing  to  the  burning  of  some  in- 
flammable matter  in  the  apparatus.  When  the  spark  is  taken  from  a 
solution  of  tournsol,  the  burning  of  the  toumsoi  may  produce  this  effect ; 
when  it  is  taken  from  lime-water,  the  burning  of  some  foulness  adhering 
to  the  tube,  or  perhaps  of  some  inflammable  matter  contained  in  the  lime, 
may  have  the  same  effect;  and  when  quicksilver  or  metallic  knobs  are 
used,  the  calcination  of  them  may  contribute  to  the  phlogistication  of  the 
air,  though  not  to  the  production  of  fixed  air. 

There  is  no  reason  to  think  that  any  fixed  air  is  produced  by  the  first 
method  of  phlogistication.  Dr.  Priestley  never  found  lime-water  to  become 
turbid  by  the  calcination  of  metals  over  it^:  Mr.  Lavoisier  also  found  only 
'  Experiments  on  Air,  vol,  I.  p.  137. 
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a  very  slight  and  scarce  perceptible  turbid  appearance,  without  any  pre- 
cipitation, to  take  place  when  lime-water  was  shaken  in  a  glass  vessel  full 
of  the  air  in  which  lead  had  been  calcined;  and  even  this  small  diminution 
of  transparency  in  the  lime-water  might  very  likely  arise,  not  from  fixed 
air,  but  only  from  its  being  fouled  by  particles  of  the  calcined  metal,  which 
we  are  told  adhered  in  some  places  to  the  glass.  This  want  of  turbidity 
has  been  attributed  to  the  fixed  air  uniting  to  the  metallic  calx,  in  prefer- 
ence to  the  lime ;  but  there  is  no  reason  for  supposing  that  the  calx  con- 
tained any  fixed  air;  for  I  do  not  know  that  any  one  has  extracted  it  from 
calces  prepared  in  this  manner ;  and  though  most  metallic  calces  prepared 
over  the  fire,  or  by  long  exposure  to  the  atmosphere,  where  they  are  in 
contact  with  fixed  air,  contain  that  substance,  it  by  no  means  follows  that 
they  must  do  so  when  prepared  by  methods  in  which  they  are  not  in 
contact  with  it. 

Dr.  Priestley  also  observed,  that  quicksilver,  fouled  by  the  addition  of 
lead  or  tin,  deposits  a  powder  by  agitation  and  exposure  to  the  air,  which 
consists  in  great  measure  of  the  calx  of  the  imperfect  metal.  He  found  too 
some  powder  of  this  kind  to  contain  fixed  air* ;  but  it  is  by  no  means  clear 
that  this  air  was  produced  by  the  phlogistication  of  the  air  in  which  the 
quicksilver  was  shaken ;  as  the  powder  was  not  prepared  on  purpose,  but 
was  procured  from  quicksilver  fouled  by  having  been  used  in  various 
experiments,  and  may  therefore  have  contained  other  impurities  besides 
the  metallic  calces. 

I  never  heard  of  any  fixed  air  being  produced  by  the  biuning  of  sulphur 
or  phosphorus;  but  it  has  been  asserted,  and  commonly  believed,  that  lime 
water  is  rendered  cloudy  by  a  mixture  of  common  and  nitrous  air;  which, 
if  true,  would  be  a  con\dncing  proof  that  on  mixing  those  two  substances 
some  fixed  air  is  either  generated  or  separated ;  I  therefore  examined  this 
carefully.  Now  it  must  be  observed,  that  as  common  air  usually  contains 
a  little  fixed  air,  which  is  no  essential  part  of  it,  but  is  easily  separated  by 
lime  water;  and  as  nitrous  air  may  also  contain  fixed  air,  either  if  the 
metal  from  which  it  is  procured  be  rusty,  or  if  the  water  of  the  vessel  in 
which  it  is  caught  contain  calcareous  earth,  suspended  by  fixed  air,  as 
most  waters  do,  it  is  proper  first  to  free  both  airs  from  it  by  previously 
^^-ashing  them  with  lime  water*.  Now  I  found,  by  repeated  experiments, 
that  if  the  lime  water  was  clean,  and  the  two  airs  were  previously  washed 
vaiYi  that  substance,  not  the  least  cloud  was  produced,  either  immediately 

*  Exper,  in  Nat.  Phil.  vol.  i.  p.  144. 

*  Though  fixed  air  is  absorbed  in  considerable  quantity  by  water,  as  I  shewed 
in  Phil.  Trans,  vol.  Lvi.,  yet  it  is  not  easy  to  deprive  common  air  of  all  the  fixed  air 
contained  in  it  by  means  of  water.  On  shaking  a  mixture  of  ten  parts  of  common 
air,  and  one  of  fixed  air.  with  more  than  an  equal  bulk  of  distilled  water,  not  more 
than  half  of  the  fixed  air  was  absorbed,  and  on  transferring  the  air  into  fresh  distilled 
water  only  half  the  remainder  was  absorbed,  as  appeared  by  the  diminution  which 
it  still  suffered  on  adding  lime  water. 
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(HI  mixing  them,  or  on  suffering  them  to  stand  upwards  of  an  hour,  though 
it  appeared  by  the  thick  clouds  which  were  produced  in  the  lime  water,  by 
breathing  through  it  after  the  experiment  was  finished,  that  it  was  more 
than  sufficient  to  saturate  the  acid  formed  by  the  decomposition  of  the 
nitrous  air,  and  consequently  that  if  any  fixed  air  had  been  produced,  it 
must  have  become  visible.  Once  indeed  I  found  a  small  cloud  to  be  formed 
on  the  surface,  after  the  mixture  had  stood  a  few  minutes.  In  this  experi- 
ment the  lime  water  was  not  quite  clean;  but  whether  the  cloud  was 
owing  to  this  circumstance,  or  to  the  air's  having  not  been  properly  washed, 
I  cannot  pretend  to  say. 

Neither  does  any  fixed  air  seem  to  be  produced  by  the  explosion  of  the 
inflammable  air  obtained  from  metals,  with  either  common  or  dephlogisti- 
cated  air.  This  I  tried  by  putting  a  little  lime-water  into  a  glass  globe 
fitted  with  a  brass  cock,  so  as  to  make  it  air  tight,  and  an  apparatus  for 
firing  air  by  electricity.  This  globe  was  exhausted  by  an  air-pump,  and 
the  two  airs,  which  had  been  previously  washed  with  hme-water.  let  in, 
and  suffered  to  remain  some  time,  to  shew  whether  they  would  affect  the 
lime-water,  and  then  fired  by  electricity.  The  event  was,  that  not  the 
least  cloud  was  produced  in  the  Ume-water,  when  the  inflammable  air  was 
mixed  with  common  air,  and  only  a  very  slight  one,  or  rather  diminution 
of  transparency,  when  it  was  combined  with  dephlogisticated  air.  This, 
however,  seemed  not  to  be  produced  by  fixed  air;  as  it  appeared  instantly 
after  the  explosion,  and  did  not  increase  on  standing,  and  was  spread 
uniformly  through  the  liquor;  whereas  if  it  had  been  owing  to  fixed  air,  it 
would  have  taken  up  some  short  time  before  it  appeared,  and  would  have 
begun  first  at  the  surface,  as  was  the  case  in  the  abovementioned  experi- 
ment with  nitrous  air.  What  it  was  really  owing  to  I  cannot  pretend  to 
say;  but  if  it  did  proceed  from  fixed  air  it  would  shew  that  only  an  ex- 
cessively minute  quantity  was  produced^  On  the  whole,  though  it  is  not 
improbable  that  fixed  air  may  be  generated  in  some  chymical  processes, 
yet  it  seems  certain  that  it  is  not  the  general  effect  of  phlogisticating  air, 
and  that  the  diminution  of  common  air  is  by  no  means  owing  to  the 
generation  or  separation  of  fixed  air  from  it. 

As  there  seemed  great  reason  to  think,  from  Dr.  Priestley's  experiments, 
that  the  nitrous  and  vitriolic  acids  were  convertible  into  dephlogisticated 
air,  I  tried  whether  the  dephlogisticated  part  of  common  air  might  not, 
by  phlogistication,  be  changed  into  nitrous  or  vitriolic  acid.  For  this 
purpose  I  impregnated  some  milk  of  lime  with  the  fumes  of  burning 
sulphur,  by  putting  a  little  of  it  into  a  large  glass  receiver,  and  burning 
sulphur  therein,  taking  care  to  keep  the  mouth  of  the  receiver  stopt  till 
the  fumes  were  all  absorbed;  after  which  the  air  of  the  receiver  was 
changed,  and  more  sulphur  burnt  in  it  as  before,  and  the  process  repeated 

'  Dr.  Priestley  also  found  no  fixed  air  to  be  produced  by  the  explosion  of  in- 
flammable and  common  air.    Vol.  v.  p.  124. 
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till  122  grains  of  sulphur  were  consumed.  The  milk  of  lime  was  then 
filtered  and  evaporated,  but  it  yielded  no  nitrous  salt,  nor  any  other  sub- 
stance except  selenite ;  so  that  no  sensible  quantity  of  the  air  was  changed 
into  nitrous  acid.  It  must  be  observed,  that  as  the  vitriolic  acid  produced 
by  the  burning  sulphur  is  changed  by  its  union  with  the  lime  into  selenite, 
which  is  very  little  soluble  in  water,  a  very  small  quantity  of  nitrous  salt, 
or  any  other  substance  which  is  soluble  in  water,  would  have  been  per- 
ceived. 

I  also  tried  whether  any  nitrous  acid  was  produced  by  phlogisticating 
common  air  with  liver  of  sulphur;  for  this  purpose  I  made  a  solution  of 
flowers  of  sulphur  by  boiling  it  with  lime,  and  put  a  httle  of  it  into  a  large 
receiver,  and  shook  it  frequently,  changing  now  and  then  the  air,  till  the 
yellow  colour  of  the  solution  was  quite  gone ;  a  sign  that  all  the  sulphur  was, 
by  the  loss  of  its  phlogiston,  turned  into  vitriolic  acid,  and  united  to  the 
lime,  or  precipitated;  the  liquor  was  then  filtered  and  evaj)orated,  but  it 
yielded  not  the  least  nitrous  salt. 

The  experiment  was  repeated  in  nearly  the  same  manner  with  de- 
phlogisticated  air  procured  from  red  precipitate ;  but  not  the  least  nitrous 
acid  was  obtained. 

It  is  well  known  that  common  selenite  is  very  little  soluble  in  water; 
whereas  that  procured  in  the  two  last  experiments  was  very  soluble,  and 
even  crystallized  readily,  and  was  intensely  bitter;  this  however  appeared 
to  be  owing  merely  to  the  acid  with  which  it  was  formed  being  very  much 
phlogisticated ;  for  on  evaporating  it  to  dryness,  and  exposing  it  to  the  air 
for  a  few  days,  it  became  much  less  soluble,  so  that  on  adding  water  to  it 
not  much  dissolved ;  and  by  repeating  this  process  once  or  twice,  it  seemed 
to  become  not  more  soluble  than  selenite  made  in  the  conunon  manner. 

This  solubility  of  the  selenite  caused  some  trouble  in  trying  the  experi- 
ment ;  for  while  it  continued  much  soluble  it  would  have  been  impossible 
to  have  distinguished  a  small  mixtrn^  of  nitrous  salt ;  but  by  the  above- 
mentioned  process  I  was  able  to  distinguish  as  small  a  proportion  as  if  the 
selenite  had  been  originally  no  more  soluble  than  usual. 

The  nature  of  the  neutral  salts  made  with  the  phlogisticated  vitriolic 
and  nitrous  acids  has  not  been  much  examined  by  the  ch3mfiists,  though  it 
seems  well  worth  their  attention ;  and  it  is  likely  that  many  besides  the 
foregoing  may  differ  remarkably  from  those  made  with  the  same  acids  in 
their  common  state.  Nitre  formed  with  the  phlogisticated  nitrous  acid  has 
been  found  to  differ  considerably  from  common  nitre,  as  well  as  Sal 
Polychrest  from  vitriolated  tartar. 

In  order  to  try  whether  any  vitriolic  acid  was  produced  by  the  phlogisti- 
cation  of  air,  I  impregnated  fifty  ounces  of  distilled  water  with  the  fumes 
produced  on  mixing  fifty-two  ounce  measures  of  nitrous  air  with  a  quantity 
of  common  air  sufficient  to  decompound  it.  This  was  done  by  filling  a 
bottle  with  some  of  this  water,  and  inverting  it  into  a  bason  of  the 
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I  then,  by  a  syphon,  letting  ii 


s  much  r 


5  filled  it  half-full; 


1  nitrous  a 
after  wliich  common  air  was  added  slowly  by  the  same  syphon,  till  all  the 
nitrous  air  was  decompounded.  When  this  was  done,  the  distilled  water 
was  further  impregnated  in  the  same  manner  till  the  whole  of  the  above- 
mentioned  quantity  of  nitrous  air  was  employed.  This  impregnated  water, 
which  was  very  sensibly  acid  to  the  taste,  was  distilled  in  a  glass  retort. 
The  first  runnings  were  very  acid,  and  smelt  pungent,  being  nitrous  acid 
much  phlogisticated ;  what  came  next  had  no  sensible  taste  or  smell;  but 
the  last  runnings  were  very  acid,  and  consisted  of  nitrous  acid  not  phlogisti- 
cated. Scarce  any  sediment  was  left  behind.  These  different  parcels  of 
distilled  Uquor  were  then  exactly  saturated  with  salt  of  tartar,  and 
evaporated;  they  yielded  87^  grains  of  nitre,  which,  as  far  as  I  could  per- 
ceive, was  unmixed  with  vitrioJated  tartar  or  any  other  substance,  and 
consequently  no  sensible  quantity  of  the  common  air  with  which  the 
nitrous  air  was  nuxed  was  turned  into  vitriolic  acid. 

It  appears,  from  this  experiment,  that  nitrous  air  contains  as  much 
acid  as  zf  times  its  weight  of  saltpetre;  for  fifty-two  ounce  measures  of 
nitrous  air  weigh  32  grains,  and,  as  was  before  said,  yield  as  much  acid  as 
is  contained  in  87 J  grains  of  saltpetre;  so  that  the  acid  in  nitrous  air  is  in 
a  remarkably  concentrated  state,  and  I  tx"lieve  more  than  ij  times  as 
much  so  as  the  strongest  spirit  of  nitre  ever  prepared. 

Having  now  mentioned  the  unsuccessful  attempts  I  made  to  find  out 
what  becomes  of  the  air  lost  by  phlogistication,  I  proceed  to  some  experi- 
ments, which  serve  really  to  explain  the  matter. 

In  Dr.  Priestley's  last  volume  of  experiments  is  related  an  experiment 
of  Mr.  Warltire's,  in  which  it  is  said  that,  on  firing  a  mixture  of  common 
and  inflammable  air  by  electricity  in  a  close  copper  vessel  holding  about 
three  pints,  a  loss  of  weight  was  always  perceived,  on  an  average  about  two 
grains,  though  the  vessel  was  stopped  in  such  a  manner  that  no  air  could 
escape  by  the  explosion.  It  is  also  related,  that  on  repeating  the  experi- 
ment in  glass  vessels,  the  inside  of  the  glass,  though  clean  and  dry  before, 
immediately  became  dewy;  which  confirmed  an  opinion  he  had  long  enter- 
tained, that  common  air  deposits  its  moisture  by  phlogistication.  As  the 
latter  experiment  seemed  likely  to  throw  great  light  on  the  subject  I  had 
in  view,  I  thought  it  well  worth  examining  more  closely.  The  first  experi- 
ment also,  if  there  was  no  mistake  in  it,  would  be  very  extraordinary  and 
curious;  but  it  did  not  succeed  with  me;  for  though  the  vessel  I  used  held 
more  than  Mr.  Warltire's,  namely,  24,000  grains  of  water,  and  though  the 
experiment  was  repeated  several  times  with  different  proportions  of 
common  and  inflammable  air,  I  could  never  perceive  a  loss  of  weight  of 
more  than  one-fifth  of  a  grain,  and  commonly  none  at  all.  It  must  be  ob- 
served, however,  that  though  there  were  some  of  the  experiments  in  which  it 
seemed  to  diminish  a  little  in  weight,  there  were  none  in  which  it  increased'. 

'  Dr.  Priestley,  I  am  informed,  has  since  found  the  experiment  not  to  succeed. 
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In  all  the  experiments,  the  inside  of  the  glass  globe  became  dewy,  as 
observed  by  Mr.  Warltire;  but  not  the  least  sooty  matter  could  be  per- 
ceived. Care  was  taken  in  all  of  them  to  find  how  much  the  air  was 
diminished  by  the  explosion,  and  to  observe  its  test.  The  result  is  as 
follows:  the  bulk  of  the  inflanmiable  air  being  expressed  in  decimals  of 
the  conMnon  air. 


Air  remain- 
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In  these  experiments  the  inflammable  air  was  {Mxxnired  firom  zinc,  as 
it  was  in  all  my  experiments,  except  where  otherwise  expressed :  but  I  made 
two  more  experiments,  to  tr>^  whether  there  was  any  difference  between 
the  air  from  zinc  and  that  from  iron,  the  quantity  of  inflammable  air  being 
the  same  in  both,  namely,  0,331  of  the  conunon;  but  I  could  not  find  any 
difference  to  be  depended  on  bet^i-een  the  two  kinds  of  air,  either  in  the 
diminution  which  they  suffered  by  the  explosion,  or  the  test  of  the  burnt 
air. 

From  the  fourth  experiment  it  appears,  that  423  measures  of  inflam- 
mable air  are  nearly  sufficient  to  completely  phlogisticate  1000  of  conunon 
air;  and  that  the  bulk  of  the  air  remaining  after  the  explosion  is  then  very 
little  more  than  four-fifths  of  the  conunon  air  em[Joyed ;  so  that  as  conunon 
air  cannot  be  rejduced  to  a  much  less  bulk  than  that  by  any  method  of 
I^ogistication,  \i'e  may  safely  c(Miclude.  that  when  they  are  mixed  in  this 
proportion,  and  exploded,  almost  all  the  inflammable  air,  and  about  one- 
fifth  part  of  the  conmi(Mi  air.  lose  their  elasticity,  and  are  condensed  into 
the  dew  which  lines  the  glass. 

The  better  to  examine  the  nature  of  this  dew,  500,000  grain  measures 
of  inflanunable  air  were  burnt  ^lith  about  2\  times  that  quantity  of  com- 
mon air,  and  the  burnt  air  made  to  pass  through  a  glass  cylinder  eight 
feet  long  and  three-quarters  of  an  inch  in  diameter,  in  order  to  deposit  the 
dew.  The  two  airs  ^i-ere  c(Mi\'e\'ed  slowly  into  this  cylinder  by  separate 
copper  pipes,  passing  through  a  brass  plate  which  stepped  up  the  end  of 
the  cylinder;  and  as  neither  inflammable  nor  common  air  can  bum  by 
themseh^es,  there  was  no  danger  of  the  flame  ^reading  into  the  magazines 
from  which  they  were  conx'ej'ed.  Each  of  these  magazines  consisted  of  a 
large  tin  \-essel.  in\*erted  into  another  \-essel  just  big  enough  to  receive  it. 
The  inner  \-essel  communicated  wth  the  copper  pipe,  and  the  air  was 
forced  out  of  it  by  pouring  ^I'ater  into  the  outer  x'essel :  and  in  order  that 
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tJie  quantity  of  common  air  expelled  should  be  2J  times  that  of  the  in- 
flammable, the  water  was  let  into  the  outer  vessels  by  two  holes  in  the 
bottom  of  the  same  tin  pan,  the  hole  which  conveyed  the  water  into  that 
vessel  in  which  the  common  air  was  confined  being  2\  times  as  big  as  the 
other. 

In  trying  the  experiment,  the  magazines  being  first  filled  with  their 
respective  airs,  the  glass  cylinder  was  taken  off.  and  water  let,  by  the  two 
holes,  into  the  outer  vessels,  till  the  airs  began  to  issue  from  the  ends  of 
the  copper  pipes;  they  were  then  set  on  fire  by  a  candle,  and  the  cylinder 
put  on  again  in  its  place.  By  this  means  upwards  of  135  grains  of  water 
were  condensed  in  the  cylinder,  which  had  no  taste  nor  smell,  and  which 
left  no  sensible  sediment  when  evaporated  to  dryness;  neither  did  it  yield 
any  pungent  smell  during  the  evaporation;  in  short,  it  seemed  pure  water. 

In  my  first  e.\periment,  the  cylinder  near  that  part  where  the  air  was 
fired  was  a  little  tinged  with  sooty  matter,  but  very  slightly  so;  and  that 
little  seemed  to  proceed  from  the  putty  with  which  the  apparatus  was 
luted,  and  which  was  heated  by  the  flame;  for  in  another  experiment,  in 
which  it  was  contrived  so  that  the  luting  should  not  be  much  heated, 
scarce  any  sooty  tinge  could  be  perceived. 

By  the  experiments  with  the  globe  it  appeared,  that  when  inflammable 
and  common  air  are  exploded  in  a  proper  proportion,  almost  all  the  in- 
flammable air,  and  near  one-fifth  of  the  common  air,  lose  their  elasticity, 
and  arc  condensed  into  dew.  And  by  this  experiment  it  appears,  that  this 
dew  is  plain  water,  and  consequently  that  almost  all  the  inflammable  air, 
and  about  one-fifth  of  the  common  air,  are  turned  into  pure  water. 

In  order  to  examine  the  nature  of  the  matter  condensed  on  firing  a 
mixture  of  dephlogisticated  and  inflammable  air,  I  took  a  glass  globe, 
holding  8800  grain  measures,  furnished  with  a  brass  cock  and  an  apparatus 
for  firing  air  by  electricity.  This  globe  was  well  exhausted  by  an  air-pump, 
and  then  filled  with  a  mixture  of  inflammable  and  dephlogisticated  air. 
by  shutting  the  cock,  fastening  a  beijt  glass  tube  to  its  mouth,  and  letting 
up  the  end  of  it  into  a  glass  jar  inverted  into  water,  and  containing  a 
mixture  of  19,500  grain  measures  of  dephlogisticated  air,  and  37,000  of 
inflammable;  so  that,  upon  opening  the  cock,  some  of  this  mixed  air 
rushed  through  the  bent  tube,  and  filled  the  globe^.  The  cock  was  then 
shut,  and  the  included  air  fired  by  electricity,  by  which  means  almost  all 
of  it  lost  its  elasticity.  The  cock  was  then  again  opened,  so  as  to  let  in 
more  of  the  same  air,  to  supply  the  place  of  that  destroyed  by  the  explosion, 
which  was  again  fired,  and  the  operation  continued  till  almost  the  whole  of 
the  mixture  was  let  into  the  globe  and  exploded.  By  this  means,  though 
the  globe  held  not  more  than  the  sixth  part  of  the  mLxture,  almost  the 

'  In  ordei  to  prevent  any  water  from  getting  into  this  tutw.  while  dipped  under 
water  to  let  it  up  into  the  glass  jar.  a  bit  of  wax  was  stuck  upon  the  end  of  it.  which 
waa  rubbed  off  when  raised  above  the  surface  of  the  water. 
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whole  ot  it  was  exploi-d  iherein.  >%-ithout  any  fresh  exhaustian  of  the 
globe. 

As  I  was  desirous  to  tr\-  the  quantity  and  test  of  this  burnt  air,  without 
letting  any  water  into  the  globe,  which  would  have  prevented  my  examin- 
ing the  natiue  of  the  condensed  matter,  I  took  a  larger  globe,  furnished 
also  with  a  stop  cock,  exhausted  it  by  an  air-pump,  and  screwed  it  on  upon 
the  cock  of  the  former  globe;  upon  which,  by  opening  both  cocks,  the  air 
rushed  out  of  the  smaller  globe  into  the  larger,  till  it  became  of  equal 
density  in  both ;  then,  by  shutting  the  cock  of  the  larger  globe,  unscrewing 
it  again  from  the  former,  and  opening  it  under  water.  I  was  enabled  to 
find  the  quantity  of  the  burnt  air  in  it :  and  consequently,  as  the  prqf>ortian 
which  the  contents  of  the  two  globes  bore  to  each  other  >%'as  known,  could 
tdl  the  quantity  of  burnt  air  in  the  small  globe  before  the  communicatian 
was  made  between  them.  By  this  means  the  whole  quantity  of  the  burnt 
air  was  found  to  be  2950  grain  measures:  its  standard  was  1,85. 

The  liquor  condensed  in  the  globe,  in  weight  about  30  grains,  w^as 
sf;nsibly  acid  to  the  taste,  and  by  saturation  with  fixed  alkali,  and 
evaporation,  yielded  near  two  grains  of  nitre :  so  that  it  consisted  of  water 
united  to  a  small  quantity  of  nitrous  acid.  No  sooty  matter  u-as  deposited 
in  the  globe.  The  dephlogisticatcd  air  used  in  this  experiment  was  pro- 
cured from  red  precipitate,  that  is.  from  a  solution  of  quicksilver  in  spirit 
of  nitre  distilled  till  it  acquires  a  red  c<.Jour. 

As  it  was  suspected,  that  the  acid  contained  in  the  condensed  liquor 
was  no  essential  part  of  the  dephlogisticated  air.  but  was  o\%'ing  to  some 
acid  vapour  which  came  over  in  makine:  it  and  had  not  been  absorbed  by 
the  water,  the  experiment  was  reptated  in  the  same  manner,  with  some 
more  of  the  same  air,  which  had  been  pre\  iously  washed  with  water,  by 
keeping  it  a  day  or  two  in  a  bottle  with  some  water,  and  shaking  it  fre- 
quently; whereas  that  used  in  the  preceding  experiment  had  never  passed 
through  water,  except  in  preparing  it.  The  condensed  liquor  was  still  acid. 
The  experiment  was  also  repx.'ated  \dth  dephlogisticated  air,  procured 
from  red  lead  by  means  of  oil  of  \itriol ;  the  liquor  condensed  was  acid,  but 
by  an  accident  I  was  prevented  from  determining  the  natiue  of  the  ackL 
I  also  procured  some  dephlogisticated  air  from  the  leaves  of  plants,  in 
the  manner  of  Doctors  Ingenhousz  and  Priestley,  and  exploded  it  with  in- 
flammable air  as  before;  the  condensed  liquor  still  continued  acid,  and  of 
the  nitrous  kind. 

In  all  these  experiments  the  proportion  of  inflammable  air  \%-as  such,  that 
(lie  burnt  air  was  not  much  phlogisticated ;  and  it  was  observed,  that  the 
less  phlogisticated  it  was,  the  more  acid  was  the  condensed  liqu(»'.  I  there- 
fore mafle  another  exixTiment,  with  sume  more  of  the  same  air  frcHU 
plants,  in  which  the  proportion  of  inflammable  air  was  greater,  so  that  the 
i)urnt  air  was  ahnost  completely  phlogisticated,  its  standard  being  ^\y. 
The  ( ondensed  licpior  was  (lu^n  not  at  all  acid,  but  seemed  pure  water:  so 
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that  it  appears,  that  with  this  kind  of  dephlogisticated  air,  the  condensed 
liquor  is  not  at  all  acid,  when  the  two  airs  are  mixed  in  such  a  proportion 
that  the  burnt  air  is  almost  completely  phlogisticated,  but  is  considerably 
so  when  it  is  not  much  plilogisticated. 

In  order  to  see  whether  the  same  thing  would  obtain  with  air  procured 
from  red  precipitate,  I  made  two  more  experiments  with  that  kind  of  air, 
the  air  in  both  being  taken  from  the  same  bottle,  and  the  experiment  tried 
in  the  same  manner,  except  that  the  proportions  of  inflammable  air  were 
different.  In  the  first,  in  which  the  burnt  air  was  almost  completely 
phlogisticated,  the  condensed  liquor  was  not  at  all  acid.  In  the  second,  in 
which  its  standard  was  1,86,  that  is,  not  much  phlogisticated,  it  was  con- 
siderably acid;  so  that  with  this  air,  as  well  as  with  that  from  plants,  the 
condensed  hquor  contains,  or  is  entirely  free  from,  acid,  according  as  the 
burnt  air  is  less  or  more  phlogisticated;  and  there  can  be  little  doubt 
but  that  the  same  rule  obtains  with  any  other  kind  of  dephlogisticated 
air. 

In  order  to  see  whether  the  acid,  formed  by  the  explosion  of  dephlo- 
gisticated air  obtained  by  means  of  the  vitrioUc  acid,  would  also  be  of  the 
nitrous  kind,  I  procured  some  air  from  turbith  mineral,  and  exploded  it 
with  inflammable  air,  the  proportion  being  such  that  the  burnt  air  was  not 
much  phlogisticated.  The  condensed  liquor  manifested  an  acidity,  which 
apfjeared,  by  saturation  with  a  solution  of  salt  of  tartar,  to  be  of  the  nitrous 
kind ;  and  it  was  found,  by  the  addition  of  some  terra  ponderosa  salita,  to 
contain  little  or  no  vitriolic  acid. 

When  inflammable  air  was  exploded  with  common  air,  in  such  a  pro- 
portion that  the  standard  of  the  burnt  air  was  about  -j^,  the  condensed 
liquor  was  not  in  the  least  acid.  There  is  no  difference,  however,  in  this 
respect  between  common  air,  and  dephlogisticated  air  mixed  with  phlo- 
gisticated in  such  a  proportion  as  to  reduce  it  to  the  standard  of  common 
air;  for  some  dephlogisticated  air  from  red  precipitate,  being  reduced  to 
this  standard  by  the  addition  of  perfectly  phlogisticated  air,  and  then 
exploded  with  the  same  proportion  of  inflammable  air  as  the  common  air 
was  in  the  foregoing  experiment,  the  condensed  liquor  was  not  in  the 
least  acid. 

From  the  foregoing  experiments  it  appears,  that  when  a  mixture  of 
inflammable  and  dephlogisticated  air  is  exploded  in  such  proportion  that 
the  burnt  air  is  not  much  phlogisticated,  the  condensed  liquor  contains  a 
little  acid,  which  is  always  of  the  nitrous  kind,  whatever  substance  the 
dephlogisticated  air  is  procured  from;  but  if  the  proportion  be  such  that 
the  burnt  air  is  almost  entirely  phlogisticated,  the  condensed  liquor  is  not 
at  all  acid,  but  seems  piire  water,  without  any  addition  whatever;  and  as, 
when  they  are  mixed  in  that  proportion,  very  little  air  remains  after  the 
explosion,  almost  the  whole  being  condensed,  it  follows,  that  almost  the 
whole  of  the  inflammable  and  dephlogisticated  air  is  converted  into  pure 
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water.  It  is  not  easy,  indeed,  to  determine  from  these  experiments  what 
proportion  the  burnt  air,  remaining  after  the  explosions,  bore  to  the  de- 
phlogisticated  air  employed,  as  neither  the  small  nor  the  large  globe  could 
be  perfectly  exhausted  of  air,  and  there  was  no  saying  with  exactness 
what  quantity  was  left  in  them ;  but  in  most  of  them,  after  allowing  for 
this  uncertainty,  the  true  quantity  of  burnt  air  seemed  not  more  than  ^V^l^ 
of  the  dephlogisticated  air  employed,  or  j^V.th  of  the  mixture.  It  seems, 
however,  unnecessary  to  determine  this  point  exactly,  as  the  quantity  is 
so  small,  that  there  can  be  little  doubt  but  that  it  proceeds  only  from  the 
impurities  mixed  with  the  dephlogisticated  and  inflammable  air,  and  con- 
sequently that,  if  those  airs  could  be  obtained  perfectly  pure,  the  whole 
would  be  condensed. 

With  respect  to  common  air,  and  dephlogisticated  air  reduced  by  the 
addition  of  phlogisticated  air  to  the  standard  of  common  air,  the  case  is 
different ;  as  the  liquor  condensed  in  exploding  them  with  inflanmiable  air, 
I  believe  I  may  say  in  any  proportion,  is  not  at  all  acid;  perhaps,  because 
if  they  are  mixed  in  such  a  proportion  as  that  the  burnt  air  is  not  much 
phlogisticated,  the  explosion  is  too  weak,  and  not  accompanied  with 
sufficient  heat. 

All  the  foregoing  experiments,  on  the  explosion  of  inflammable  air  with 
common  and  dephlogisticated  airs,  except  those  which  relate  to  the  cause 
of  the  acid  found  in  the  water,  were  made  in  the  summer  of  the  year  1781, 
and  were  mentioned  by  me  to  Ur.  Priestley,  who  in  consequence  of  it  made 
some  experiments  of  the  same  kind,  as  he  relates  in  a  paper  printed  in  the 
preceding  volume  of  the  Transactions,  During  the  last  summer  also,  a 
friend  of  mine  gave  some  account  of  them  to  M.  Lavoisier,  as  well  as  of 
the  conclusion  drawn  from  them,  that  dephlogisticated  air  is  only  water 
deprived  of  phlogiston;  but  at  that  time  so  far  was  M.  Lavoisier  from 
thinking  any  such  opinion  warranted,  that,  till  he  was  prevailed  upon  to 
repeat  the  experiment  himself,  he  found  some  difficulty  in  believing  that 
nearly  the  whole  of  the  two  airs  could  be  converted  into  water.  It  is  re- 
markable, that  neither  of  these  gentlemen  found  any  add  in  the  water 
produced  by  the  combustion ;  which  might  proceed  from  the  latter  having 
burnt  the  two  airs  in  a  different  manner  from  what  I  did;  and  from  the 
former  havipg  used  a  different  kind  of  inflammable  air,  namely,  that  from 
charcoal,  and  perhaps  having  used  a  greater  proportion  of  it. 

Before  1  enter  into  the  cause  of  these  phaenomena,  it  will  be  proper  to 
take  notice,  that  phlogisticated  air  appears  to  be  nothing  else  than  the 
nitrous  acid  united  to  phlogiston;  for  when  nitre  is  deflagrated  with 
charcoal,  the  acid  is  almost  entirely  converted  into  this  kind  of  air.  That 
the  acid  is  entirely  converted  into  air,  appears  from  the  common  process 
for  making  what  is  called  clyssus  of  nitre ;  for  if  the  nitre  and  charcoal 
are  dry,  scarce  any  thing  is  found  in  the  vessels  prepared  for  condensing 
the  fumes;  but  if  they  are  moist  a  little  liquor  is  collected,  which  is  notfaing 
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but  the  water  contEiiiied  in  the  materials,  impregnated  with  a  little  volatile 
alkali,  proceeding  in  all  probability  from  the  imperfectly  burnt  charcoal, 
and  a  little  bxed  alkali,  consisting  of  some  of  the  alkalized  nitre  carried 
over  by  the  heat  and  watery  vapours.  As  far  as  I  can  perceive  too,  at  pre- 
sent, the  air  into  which  much  the  greatest  part  of  the  acid  is  converted, 
differs  in  no  respect  from  common  air  phlogisticated.  A  small  part  of  the 
acid,  however,  is  turned  into  nitrous  air,  and  the  whole  is  mixed  with  a 
good  deal  of  fixed,  and  perhaps  a  little  inflammable  air,  both  proceeding 
from  the  charcoal. 

It  is  well  known,  that  the  nitrous  acid  is  also  converted  by  phlogistica- 
tion  into  nitrous  air,  in  which  respect  there  seems  a  considerable  analogy 
between  that  and  the  vitriolic  acid ;  for  the  vitrioUc  acid,  when  united  to  a 
smaller  proportion  of  phlogiston,  forms  the  volatile  sulphureous  acid  and 
vitriolic  acid  air,  both  of  which,  by  exposure  to  the  atmosphere,  lose  their 
phlogiston,  though  not  very  fast,  and  are  turned  back  into  vitriolic  acid; 
but,  when  united  to  a  greater  proportion  of  phlogiston,  it  forms  sulphur, 
which  shews  no  signs  of  acidity,  unless  a  small  degree  of  affinity  to  alkalies 
can  be  called  so,  and  in  which  the  phlogiston  is  more  strongly  adherent, 
so  that  it  does  not  Hy  off  when  exposed  to  the  air,  unless  assisted  by  a  heat 
sufficient  to  set  it  on  fire.  In  Uke  manner  the  nitrous  acid,  united  to  a 
certain  quantity  of  phlogiston,  forms  nitrous  fumes  and  nitrous  air,  which 
readily  quit  their  phlogiston  to  common  air;  but  when  united  to  a  different, 
in  all  probability  a  larger  quantity,  it  forms  phlogisticated  air,  which 
shews  no  signs  of  acidity,  and  is  still  less  disposed  to  part  with  its  phlogiston 
than  sulphur. 

This  being  premised,  there  seem  two  ways  by  which  the  phaenomena  of 
the  acid  found  in  the  condensed  liquor  may  be  explained;  first,  by  sup- 
posing that  dephiogisticated  air  contains  a  little  nitrous  acid  which  enters 
into  it  as  one  of  its  component  parts,  and  that  this  acid,  when  the  inflam- 
mable air  is  in  a  sufficient  proportion,  unites  to  the  phlogiston,  and  is 
turned  into  phlogisticated  air,  but  does  not  when  the  inflammable  air  is 
in  too  small  a  proportion ;  and,  secondly,  by  supposing  that  there  is  no 
nitrous  acid  mixed  with,  or  entering  into  the  composition  of,  dephiogisti- 
cated air,  but  that,  when  this  air  is  in  a  sufficient  proportion,  part  of  the 
phlogisticated  air  with  which  it  is  debased  is,  by  the  strong  affinity  of 
phlogiston  to  deptilogisticated  air,  deprived  of  its  phlogiston  and  turned 
into  nitrous  acid ;  whereas,  when  the  dephiogisticated  air  is  not  more  than 
sufficient  to  consume  the  inflammable  air,  none  then  remains  to  deprive 
the  phlogisticated  air  of  its  plilogiston,  and  turn  it  into  acid. 

If  the  latter  explanation  be  true.  I  think,  we  must  allow  that  de- 
phiogisticated air  is  in  reality  nothing  but  dephiogisticated  water,  or  water 
deprived  of  its  phlogiston ;  or.  in  other  words,  that  water  consists  of  de- 
plilogisticated  air  united  to  phlogiston ;  and  that  inflammable  air  is  either 
pure  phlogiston,  as  Dr.  Priestley  and  Mr.  Kirwan  suppose,  or  else  water 
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united  to  phlogiston* :  since,  according  to  this  suppoatioa.  these  two  sob- 
stances  united  together  form  p-^e  witvr.  tJn  the  other  haad.  if  the  lirst 
explanation  be  true,  we  must  suppose  that  dephloeisticated  air  cooasts  ot 
\i-ater  united  to  a  Kttle  nitrous  add  and  deprived  of  its  phloeistoa;  bat 
still  the  nitrous  acid  in  it  must  make  only  a  \Tery  small  part  of  the  whole, 
as  it  is  found,  that  the  phloeisticated  air,  which  it  b  converted  into,  is 
ver\'  small  in  comparison  of  the  dephloeisti«::ated  air. 

I  think  the  second  of  these  explanations  seems  much  the  m*3st  Kkeiy: 
as  it  was  found,  that  the  acid  in  the  condensed  liquor  was  of  the  nitrtKis 
kind,  not  only  when  the  dephloeisticated  air  was  prepared  from  red  pre- 
cipitate, but  also  when  it  A*-as  procured  from  plants  cm-  from  tnrbith 
mineral :  and  it  seems  not  likely,  that  air  procured  from  plants,  and  still 
less  Ukely  that  air  procured  from  a  solution  of  mercury  in  oil  of  vitriols 
should  contain  any  nitrous  acid. 

Another  strong  argument  in  favour  of  this  opinion  is.  that  dephlogisti* 
cated  air  fields  no  nitrous  acid  when  phlogisticated  by  Kver  of  suljAur: 
for  if  this  air  contains  nitrous  acid,  and  wlds  it  when  phlogisticated  by 
explosion  uith  inflammable  air,  it  is  ver>'  extraordinary  that  it  should  not 
do  so  when  phlogisticated  by  other  means. 

But  what  forms  a  stronger  and.  I  think,  almost  decisive  argument  in 
favoiu"  of  this  explanation  is.  that  when  the  dephlc^ticated  air  is  \-ery 
pure,  the  condensed  liquor  is  made  much  more  strongly  acid  by  miving 
the  air  to  be  exploded  with  a  little  phlogisticated  air,  as  appears  by  the 
follo^^ing  experiments. 

A  mixture  of  18,500  grain  measures  of  inflammable  air  with  9750  of 
dephlogisticated  air  procured  from  red  precipitate  were  exploded  in  the 
usual  manner;  after  which,  a  mixture  of  the  same  quantities  of  the  same 
dephlogisticated  and  inflammable  air.  wth  the  addition  of  2500  of  air 

»  Either  of  these  suppositions  ^^'i^\  agree  equally  well  with  the  following  ex{)eTi- 
ments;  but  the  latter  seems  to  me  much  the  most  likely.  What  principally  makes 
me  think  so  is,  that  common  01  dephlogisticated  air  do  not  absorb  phlogiston  from 
inflammable  air,  unless  assisted  by  a  red  heat,  whereas  the\-  absorb  the  phlogiston 
of  nitrous  air,  liver  of  sulphur,  and  many  other  substances,  without  that  assistance; 
and  it  seems  inexplicable,  that  they  should  refuse  to  unite  to  pure  phlogiston,  when 
they  are  able  to  extract  it  from  substances  to  which  it  has  an  aflinit>';  that  is,  that 
they  should  overcome  the  affinity-  of  phlogiston  to  other  substances,  and  extract  it 
from  them,  when  they  will  not  even  unite  to  it  when  presented  to  them.  On  the  other 
hand,  I  know  no  experiment  which  she\*-s  inflammable  air  to  be  pure  phlogiston 
rather  than  an  union  of  it  with  water,  unless  it  be  Dr.  Priestley's  experiment  of 
expelling  inflammable  air  from  iron  by  heat  alone.  I  am  not  sufficiently  acquainted 
with  the  circumstances  of  that  experiment  to  argue  with  certainty-  about  it;  but 
I  think  it  much  more  likely,  that  the  inflammable  air  was  formed  by  the  union  of 
the  phlogiston  of  the  iron  filings  with  the  water  dispersed  among  them,  or  contained 
in  the  retort  or  other  vessel  in  which  it  was  heated ;  and  in  all  probabiUty  this  was  the 
cause  of  the  separation  of  the  phlogiston,  as  iron  seems  not  disposed  to  part  with  its 
phlogiston  by  heat  alone,  without  being  assisted  by  the  air  or  some  other  substance. 


Experiments  on  Atr 


173 


phlogisticated  by  iron  filings  and  sulphur,  was  treated  in  the  same  manner. 
The  condensed  liquor,  in  both  experiments,  was  acid,  but  that  in  the  latter 
evidently  more  so,  as  appeared  also  by  saturating  each  of  them  separately 
with  marble  powder,  and  precipitating  the  earth  by  fixed  alkali,  the  pre- 
cipitate of  the  second  experiment  weighing  one-fifth  of  a  grain,  and  that 
of  the  first  being  several  times  less.  The  standard  of  the  burnt  air  in  the 
first  experiment  was  1,86,  and  in  the  second  only  0,9. 

It  must  be  observed,  that  all  circumstances  were  the  same  in  these  two 
experiments,  except  that  in  the  latter  the  air  to  be  exploded  was  mixed 
with  some  phlogisticated  air,  and  that  in  consequence  the  burnt  air  was 
more  phlogisticated  than  in  the  former;  and  from  what  has  been  before 
said,  it  appears,  that  this  latter  circumstance  ought  rather  to  have  made 
the  condensed  liquor  less  acid ;  and  yet  it  was  found  to  be  much  more  so, 
which  shews  strongly  that  it  was  the  phlogisticated  air  which  furnished 
the  add. 

As  a  further  confirmation  of  this  point,  these  two  comparative  experi- 
ments were  repeated  with  a  little  variation,  namely,  in  the  first  experiment 
there  was  first  let  into  the  globe  1500  of  dephlogisticated  air.  and  then  the 
mixture,  consisting  of  12,200  of  dephlogisticated  air  and  25,900  of  inflam- 
mable, was  let  in  at  different  times  as  usual.  In  the  second  exf>eriment, 
besides  the  1500  of  dephlogisticated  air  iirst  let  in,  there  was  also  admitted 
2500  of  phlogisticated  air,  after  which  the  mixture,  consisting  of  the  same 
quantities  of  dephlogisticated  and  inflammable  air  as  before,  was  let  in  as 
usual.  The  condensed  liquor  of  the  second  experiment  was  about  three 
times  as  acid  as  that  of  the  first,  as  it  required  119  grains  of  a  diluted 
solution  of  salt  of  tartar  to  saturate  it,  and  the  other  only  37.  The  standard 
of  the  burnt  air  was  0,78  in  the  second  experiment,  and  r.gb  in  the  first. 

The  intention  of  previously  letting  in  some  dephlogisticated  air  in  the 
two  last  experiments  was,  that  the  condensed  liquor  was  expected  to  be- 
come more  acid  thereby,  as  proved  actually  to  be  the  case. 

In  the  first  of  these  two  experiments,  in  order  that  the  air  to  be  ex- 
ploded should  be  as  free  as  possible  from  common  air,  the  globe  was  first 
filled  with  a  mixture  of  dephlogisticated  and  inflammable  air,  it  was  then 
exliausted,  and  the  air  to  be  exploded  let  in;  by  which  means,  though  the 
globe  was  not  perfectly  exhausted,  very  little  common  air  could  be  left  in 
it.  In  the  first  set  of  experiments  this  circumstance  was  not  attended  to, 
and  the  purity  of  the  dephlogisticated  air  was  forgot  to  be  examined  in 
both  sets. 

From  what  has  been  said  there  seems  the  utmost  reason  to  think,  that 
dephlogisticated  air  is  only  water  deprived  of  its  phlogiston,  and  that  in- 
flammable air,  as  was  before  said,  is  either  phlogisticated  water,  or  else 
pure  phlogiston ;  but  in  all  probabihty  the  former. 

As  Mr.  Watt,  in  a  paper  lately  read  before  this  Society,  supposes  water 
to  consist  of  dephlogisticated  air  and  phlogiston  deprived  of  part  of  their 
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latent  heat,  whereas  I  take  no  notice  of  the  latter  circumstance,  it  may  be 
proper  to  mention  in  a  few  words  the  reason  of  this  apparent  difference 
between  us.  If  there  be  any  such  thing  as  elementary  heat,  it  must  be 
allowed  that  what  Mr.  Watt  says  is  true ;  but  by  the  same  rule  we  ought  to 
say,  that  the  diluted  mineral  acids  consist  of  the  concentrated  acids  united 
to  water  and  deprived  of  part  of  their  latent  heat;  that  solutions  of  sal 
ammoniac,  and  most  other  neutral  salts,  consist  of  the  salt  united  to  water 
and  elementary  heat ;  and  a  similar  language  ought  to  be  used  in  speaking 
of  almost  all  chemical  combinations,  as  there  are  very  few  which  are  not 
attended  with  some  increase  or  diminution  of  heat.  Now  I  have  chosen 
to  avoid  this  form  of  speaking,  both  because  I  think  it  more  likely  that 
there  is  no  such  thing  as  elementary  heat,  and  because  saying  so  in  this 
instance,  without  using  similar  expressions  in  speaking  of  other  chemical 
imions,  would  be  improper,  and  would  lead  to  false  ideas ;  and  it  may  even 
admit  of  doubt,  whether  the  doing  it  in  general  would  not  cause  more  trouble 
and  perplexity  than  it  is  worth. 

There  is  the  utmost  reason  to  think,  that  dephlogisticated  and  phlogis- 
ticated  air,  as  M.  Lavoisier  and  Scheele  suppose,  are  quite  distinct  sub- 
stances, and  not  differing  only  in  their  degree  of  phlogistication ;  and  that 
common  air  is  a  mixture  of  the  two ;  for  if  the  dephlogisticated  air  is  pretty 
pure,  almost  the  whole  of  it  loses  its  elasticity  by  phlogistication,  and,  as 
appears  by  the  foregoing  experiments,  is  turned  into  water,  instead  of 
being  converted  into  phlogisticated  air.  In  most  of  the  foregoing  experi- 
ments, at  least  |f ths  of  the  whole  was  turned  into  water ;  and  by  treating 
some  dephlogisticated  air  with  liver  of  sulphur,  I  have  reduced  it  to  less 
than  ^th  of  its  original  bulk,  and  other  persons,  I  believe,  have  reduced 
it  to  a  still  less  bulk;  so  that  there  seems  the  utmost  reason  to  suppose, 
that  the  small  residuum  which  remains  after  its  phlogistication  proceeds 
only  from  the  impurities  mixed  with  it. 

It  was  just  said,  that  some  dephlogisticated  air  was  reduced  by  liver 
of  sulphur  to  g^th  of  its  original  bulk;  the  standard  of  this  air  was  4,8,  and 
consequently  the  standard  of  perfectly  pure  dephlogisticated  air  should  be 
very  nearly  5,  which  is  a  confirmation  of  the  foregoing  opinion;  for  if  the 
standard  of  pure  dephlogisticated  air  is  5,  common  air  must,  according  to 
this  opinion,  contain  one-fifth  of  it,  and  therefore  ought  to  lose  one-fifth  of 
its  bulk  by  phlogistication,  which  is  what  it  is  actually  found  to  lose. 

From  what  has  been  said,  it  follows,  that  instead  of  saying  air  is 
phlogisticated  or  dephlogisticated  by  any  means,  it  would  be  more  strictly 
just  to  say,  it  is  deprived  of,  or  receives,  an  addition  of  dephlogisticated 
air;  but  as  the  other  expression  is  convenient,  and  can  scarcely  be  con- 
sidered as  improper,  I  shall  still  frequently  make  use  of  it  in  the  remainder 
of  this  paper. 

There  seemed  great  reason  to  think,  from  Dr.  Priestley's  experiments, 
that  both  the  nitrous  and  vitriolic  acids  were  convertible  into  dephlogisti- 
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cated  air,  as  that  air  is  procured  in  the  greatest  quantity  from  substances 
containing  those  acids,  especiaJly  the  former.  The  foregoing  experiments, 
however,  seem  to  shew  that  no  part  of  the  acid  is  converted  into  de- 
phlogisticated  air,  and  that  their  use  in  preparing  it  is  owing  on]y  to  the 
great  power  which  they  possess  of  depriving  bodies  of  their  phlogiston. 
A  strong  confirmation  of  this  is.  that  red  precipitate,  which  is  one  of  the 
substances  yielding  dephlogisticafed  air  in  the  greatest  quantity,  and 
which  is  prepared  by  means  of  the  nitrous  acid,  contains  in  reality  no 
acid.  This  I  found  by  grinding  400  grains  of  it  with  spirits  of  sal  ammoniac, 
and  keeping  them  together  for  some  days  in  a  bottle,  taking  care  to  shake 
them  frequently.  The  red  colour  of  the  precipitate  was  rendered  pale,  but 
not  entirely  destroyed;  being  then  washed  with  water  and  filtered,  the 
clear  liquor  yielded  on  evaporation  not  the  least  amraoniacal  salt. 

It  is  natural  to  think,  that  if  any  nitrous  acid  had  been  contained  in 
the  red  precipitate,  it  would  have  united  to  the  volatile  alkali  and  have 
formed  ammoniacal  nitre,  and  would  have  been  perceived  on  evaporation ; 
but  in  order  to  determine  more  certainly  whether  this  would  be  the  case. 
I  dried  some  of  the  same  solution  of  quicksilver  from  which  the  red  pre- 
cipitate was  prepared  with  a  less  heat,  so  that  it  acquired  orJy  an  orange 
colour,  and  treated  the  same  quantity  of  it  with  volatile  alkali  in  the  same 
manner  as  before.  It  immediately  caused  an  effervescence,  changed  the 
colour  to  grey,  and  yielded  52  grains  of  ammoniacal  nitre.  There  is  the 
utmost  reason  to  think,  therefore,  that  red  precipitate  contains  no  nitrous 
acid;  and  consequently  that,  in  prcKuring  dephlogisticafed  air  from  it,  no 
acid  is  converted  into  air;  and  it  is  reasonable  to  conclude,  therefore,  that 
no  such  change  is  produced  in  procuring  it  from  any  other  substance. 

It  remains  to  consider  in  what  manner  these  acids  act  in  producing 
dephJogisticated  air.  The  way  in  which  the  nitrous  acid  acts,  in  the  pro- 
duction of  it  from  red  precipitate,  seems  to  be  as  follows.  On  distilling  the 
mixture  of  quicksilver  and  spirit  of  nitre,  the  acid  comes  over,  loaded  with 
phlogiston,  in  the  form  of  nitrous  vapour,  and  continues  to  do  so  till  the 
remaining  matter  acquires  its  full  red  colour,  by  which  time  all  the  nitrous 
acid  is  driven  over,  but  some  of  the  watery  part  still  remains  behind,  and 
adheres  strongly  to  the  quicksilver;  so  that  the  red  precipitate  may  be 
considered,  either  as  quicksilver  deprived  of  part  of  its  phlogiston,  and 
united  to  a  certain  portion  of  water,  or  as  quicksilver  united  to  dephlogis- 
ticated  air';  after  which,  on  further  increasing  the  heat,  the  water  in  it 
•  Unless  we  were  much  better  acquainted  than  we  are  with  the  manner  in  wtucb 
different  substances  are  united  together  in  compound  bodies,  it  would  be  ridiculous 
to  say.  that  it  is  the  quicksilver  in  the  red  precipitate  which  is  deprived  of  its 
phlogiston,  and  not  the  water,  or  that  it  is  the  water  and  not  the  quicksilver:  all 
that  we  can  say  is,  that  red  precipitate  consists  of  quicksilver  and  water,  one  or  both 
of  which  are  deprived  of  part  of  their  phlogiston.  In  like  manner,  during  the  prepara- 
tion of  the  red  precipitate,  it  is  certain  that  the  acid  absorbs  phlogiston,  either  from 
the  quicksilver  or  the  water;  but  we  are  by  no  means  authorised  to  say  from  which. 
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rises  deprived  of  its  phlogiston,  that  is,  in  the  form  of  dephlogisticated 
air,  and  at  the  same  time  the  quicksilver  distils  over  in  its  metallic 
form.  It  is  justly  remarked  by  Dr.  Priestley,  that  the  solution  of  quick- 
silver docs  not  begin  to  yield  dephlogisticated  air  till  it  acquires  its  red 
colour. 

Morcurius  calcinatus  appears  to  be  only  quicksilver  which  has  absorbed 
dephlogisticated  air  from  the  atmosphere  during  its  preparation;  accord- 
ingly, by  giving  it  a  sufficient  heat,  the  dephlogisticated  air  is  driven  oflf, 
and  the  (juicksilver  acquires  its  original  form.  It  seems  therefore  that 
morcurius  calcinatus  and  red  precipitate,  though  prepared  in  a  different 
manntT,  an*  very  nearly  the  same  thing. 

Vtoxw  what  has  bt^en  said  it  follows,  that  red  precipitate  and  mercurius 
calcinatus  contain  as  much  phlogiston  as  the  quicksilver  they  are  pre- 
piuxn!  from;  but  vet,  as  uniting  dephlogisticated  air  to  a  metal  comes  to 
tlie  sSuno  thing  as  depriving  it  of  p)art  of  its  phlogiston  and  adding  water 
to  it.  the  quicksilver  may  still  be  considered  as  deprived  of  its  phlogiston; 
but  the  imjxTfect  metals  seem  not  only  to  absorb  dephlogisticated  air 
during  their  ciUcination,  but  ;Uso  to  be  really  deprived  of  part  of  their 
plilogiston.  as  they  do  not  acquire  their  metallic  form  by  driWng  off  the 
depliK^isticatiHl  air. 

In  privuring  dejAlogisticated  air  from  nitre,  the  acid  acts  in  a  different 
manner,  us.  ui>on  heating  the  nitre  red-hot.  the  dephlogisticated  air  rises 
mixixJ  with  a  little  nitrous  acid,  and  at  the  same  time  the  acid  remaining 
in  the  nitn^  btvomt^  \-er\'  much  phlogisticated ;  which  she^-s  that  the  add 
uK^orK^  pliK^iston  fri>m  the  ^';iter  in  the  nitre,  and  becomes  phlogisticated, 
while  the  water  is  thereby  turned  into  dephlogisticated  air.  On  distilling 
^U55  ,^ rains  of  nitre  in  an  unghued  earthen  retort,  it  \ielded  256,000  grain 
UHMSures  of  dephlcigisticated  ;ur*.  the  standard  of  different  parts  of  ^liuch 
\*;arii\i  frv>m  3  to  3.65.  but  at  a  medium  was  3,55.  The  matter  remaining 
in  the  R^ti>rt  ilissolwd  readily  in  water,  and  tasted  alcaUne  and  caasdc. 
l>n  aiMing  diluted  spirit  of  nitre  to  the  solution^  strong  red  fumes  were 
|wx1mvd:  a  si^  that  the  acid  in  it  was  x-er^*  much  phlogisticated.  as  no 
himT^>  whatex-er  wv^uld  ha\^  been  produced  on  adding  the  same  ackl  to  a 
solution  of  cxunmcMfi  nitre:  that  part  of  the  solution  also  which  was  siqxr- 
Silt  united  xxith  acid  became  blue:  a  colour  which  the  diluted  nitrous  acid 
is  knoxxnn  to  as(>ume  when  much  phlogisticated.  The  solatioo.  when 
s^ituratod  with  this  acid,  lost  its  akaline  and  caustic  taste,  but  y^t  tasted 
\Yr>'  ditSerent  fro«n  true  nitre,  seeming  as  if  it  had  been  mixed  with  sea- 
silt,  ami  also  retailed  much  less  water  to  dissolve  it:  but  on  expoeiQ^  it 
fv^r  siMm^  via\^  to  the  air.  and  adding  fresh  acid  as  fast  as  In^  the  ilyii^  off 


^   tlu5%ik  AK>cic«i^tT-oi»$rviia&easaDFe5fnxncnegnm 
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of  the  fumes  the  alcali  predominated,  it  became  true  nitre,  unmixed,  as 
far  as  I  could  perceive,  with  any  other  salt'. 

It  has  been  remarked,  that  the  dephlogisticated  air  procured  from  nitre 
is  less  pure,  than  that  from  red  precipitate  and  many  other  substances, 
which  may  perhaps  proceed  from  unglazed  earthen  retorts  having  been 
commonly  used  for  this  purpose,  and  which,  conformably  to  Dr.  Priestley's 
discovery,  may  possibly  absorb  some  common  air  from  without,  and  emit 
it  along  with  the  dephlogisticated  air;  but  if  it  should  be  found  that  the 
dephlogisticated  air  procured  from  nitre  in  glaSs  or  glazed  earthen  vessels 
is  also  impure,  it  would  seem  to  shew  that  part  of  the  acid  in  the  nitre  is 
turned  into  phlogisticated  air,  by  absorbing  phlogiston  from  the  watery 
part. 

From  what  has  been  said  it  appears,  that  there  is  a  considerable  differ- 
ence in  the  manner  in  which  the  acid  acts  in  the  production  of  dephlogisti- 
cated air  from  red  precipitate  and  from  nitre ;  in  the  former  case  the  acid 
comes  over  first,  leaving  the  remaining  substance  deprived  of  part  of  its 
phlogiston;  in  the  latter  the  dephlogisticated  air  comes  first,  leaving  the 
acid  loaded  with  the  phlogiston  of  the  water  from  which  it  was  formed. 

On  distilling  a  mixture  of  quicksilver  and  oil  of  vitriol  to  dryness,  part 
of  the  acid  comes  over,  loaded  with  phlogiston,  in  the  form  of  volatile 
sulphureous  acid  and  vitriolic  acid  air;  so  that  the  remaining  white  mass 
may  be  considered  as  consisting  of  quicksilver  deprived  of  its  phlogiston, 
and  united  to  a  certain  proportion  of  acid  and  water,  or  of  plain  quick- 
silver united  to  a  certain  proportion  of  acid  and  dephlogisticated  air. 
Accordingly  on  urging  this  white  mass  with  a  more  violent  heat,  the  de- 
phlogisticated air  comes  over,  and  at  the  same  time  part  of  the  quicksilver 
rises  in  its  metallic  form,  and  also  part  of  the  white  mass,  united  in  all 
probability  to  a  greater  proportion  of  acid  than  before,  sublimes;  so  that 
the  rationale  of  the  production  of  dephlogisticated  air  from  turbith 
mineral,  and  from  red  precipitate,  are  nearly  similar. 

True  turbith  mineral  consists  of  the  abovementioned  white  mass,  wcli 
washed  with  water,  by  which  means  it  acquires  a  yellow  colour,  and  con- 
tains much  less  acid  than  the  unwashed  mass.  Accordingly  it  seems  Hkely, 
that  on  exposing  this  to  heat,  less  of  it  should  sublime  without  being  de- 
compounded, and  consequently  that  more  dephlogisticated  air  should  be 
procured  from  it  than  from  the  unwashed  mass. 

This  is  an  instance,  that  the  superabundant  vitriolic  acid  may,  in  some 
cases,  be  better  extracted  from  the  base  it  is  united  to  by  water  than  by 
heat.  Vitriolated  tartar  is  another  instance;  for,  if  vitriolated  tartar  be 
mixed  with  oil  of  vitriol  and  exposed  even  to  a  pretty  strong  red  heat,  the 
mass  will  be  very  acid ;  but,  if  this  mass  is  dissolved  in  water,  and  evapor- 
ated, the  crystals  will  be  not  sensibly  so. 

*  This  phlogistication  of  the  acid  in  nitre  by  heat  has  been  observed  by  Mr. 
Scheele;  see  bis  experiments  on  air  and  lire,  p.  43,  English  translatioii. 
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In  all  probability,  the  vitriolic  acid  acts  in  the  same  manner  in  the 
production  of  dephlogisticated  air  from  alum,  as  the  nitrous  does  in  its 
production  from  nitre;  that  is,  the  watery  part  comes  over  first  in  the  form 
of  dephlogisticated  air,  leaving  the  acid  charged  with  its  phlogiston. 
Whether  this  is  also  the  case  with  regard  to  green  and  blue  vitriol,  or 
whether  in  them  the  acid  does  not  rather  act  in  the  same  manner  as  in 
turbith  mineral,  I  cannot  pretend  to  say,  but  I  think  the  latter  more 
likely. 

There  is  another  way  by  which  dephlogisticated  air  has  been  found  to 
be  produced  in  great  quantities,  namely,  the  growth  of  vegetables  exposed 
to  the  sun  or  day-Ught ;  the  rationale  of  which,  in  all  probability,  is,  that 
plants,  when  assisted  by  the  light,  deprive  part  of  the  water  sucked  up  by 
their  roots  of  its  phlogiston,  and  turn  it  into  dephlogisticated  air,  while  the 
phlogiston  unites  to,  and  forms  part  of,  the  substance  of  the  plant. 

There  are  many  circumstances  which  shew,  that  light  has  a  remarkable 
power  in  enabling  one  body  to  absorb  phlogiston  from  another.  Mr. 
Senebier  has  observed,  that  the  green  tincture  procured  from  the  leaves 
of  vegetables  by  spirit  of  wine,  quickly  loses  its  colour  when  exposed  to 
the  Sim  in  a  bottle  not  more  than  one-third  part  full,  but  does  not  do  so 
in  the  dark,  or  if  the  bottle  is  quite  full  of  the  tincture,  or  if  the  air  in  it  is 
phlogisticated;  whence  it  is  natural  to  conclude,  that  the  light  enables  the 
dephlogisticated  part  of  the  air  to  absorb  phlogiston  from  the  tincture ;  and 
this  appears  to  be  really  the  case,  as  I  find  that  the  air  in  the  bottle  is  con- 
siderably phlogisticated  thereby.  Dephlogisticated  spirit  of  nitre  also 
acquires  a  yellow  colour,  and  becomes  phlogisticated,  by  exposure  to  the 
sun's  rays^;  and  I  find  on  trial  that  the  air  in  the  bottle  in  which  it  is 
contained  becomes  dephlogisticated,  or,  in  other  words,  receives  an  increase 
of  dephlogisticated  air,  which  shews  that  the  change  in  the  acid  is  not 
owing  to  the  sun's  rays  communicating  phlogiston  to  it,  but  to  their 
enabling  it  to  absorb  phlogiston  from  the  water  contained  in  it,  and  thereby 
to  produce  dephlogisticated  air.  Mr.  Scheele  also  found,  that  the  dark 
colour  acquired  by  luna  cornea  on  exposure  to  the  light,  is  owing  to  part 
of  the  silver  being  revived;  and  that  gold,  dissolved  in  aqua  regia  and 
deprived  by  distillation  of  the  nitrous  and  superfluous  marine  acid,  is 
revived  by  the  same  means;  and  there  is  the  utmost  reason  to  think,  that, 
in  both  cases,  the  revival  of  the  metal  is  owing  to  its  absorbing  phlogiston 
from  the  water. 

1  If  spirit  of  nitre  is  distilled  with  a  very  gentle  heat,  the  part  which  comes  over 
is  high  coloured  and  fuming,  and  that  which  remains  behind  is  quite  colourless,  and 
fumes  much  less  than  other  nitrous  acid  of  the  same  strength,  and  the  fumes  are 
colourless.  This  is  called  dephlogisticated  spirit  of  nitre,  as  it  appears  to  be  really 
deprived  of  phlogiston  by  the  process.  The  manner  of  preparing  it,  as  well  as  its 
property  of  regaining  its  yellow  colour  by  exposure  to  the  light,  is  mentioned  by 
Mr.  Scheele  in  the  Stockholm  Memoirs,  1774. 
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Vegetables  seem  to  consist  almost  intirely  of  fixed  and  phlogisticated 
air,  united  to  a  large  proportion  of  phlogiston  and  some  water,  since  by 
burning  in  the  open  air,  in  which  their  phlogiston  unites  to  the  dephlogiEti- 
cated  part  of  the  atmosphere  and  forms  water,  they  seem  to  be  reduced 
almost  intirely  to  water  and  those  two  kinds  of  air.  Now  plants  growing 
in  water  without  earth,  can  receive  nourishment  only  from  the  water  and 
air,  and  must  therefore  in  all  probability  absorb  their  phlogiston  from  the 
water.  It  is  known  also  that  plants  growing  in  the  dark  do  not  thrive  well, 
and  grow  in  a  very  different  manner  from  what  they  do  when  exposed  to 
the  light. 

From  what  has  been  said  it  seems  likely  that  the  use  of  light,  in  pro- 
moting the  growth  of  plants  and  the  production  of  dephlogisticated  air 
from  them,  is,  that  it  enables  them  to  absorb  phlogiston  from  the  water. 
To  this  it  may  perhaps  be  objected,  that  though  plants  do  not  thrive  well 
in  the  dark,  yet  they  do  grow,  and  should  therefore,  according  to  this 
hypothesis,  absorb  water  from  the  atmosphere,  and  yield  dephlogisticated 
air,  which  they  have  not  been  found  to  do.  But  we  have  no  proof  that  they 
grew  at  all  in  any  of  those  cases  in  which  they  were  found  not  to  yield 
dephlogisticated  air;  for  though  they  will  grow  in  the  dark,  yet  their 
vegetative  powers  may  perhaps  at  first  be  intirely  checked  by  it,  especially 
considering  the  unnatural  situation  in  which  they  must  be  placed  in  such 
experiments.  Perhaps  too  plants  growing  in  the  dark  may  be  able  to 
absorb  phlogiston  from  water  not  much  impregnated  with  dephlogisticated 
air,  but  not  from  water  strongly  impregnated  with  it ;  and  consequently, 
when  kept  under  water  in  the  dark,  may  perhaps  at  first  yield  some  de- 
phlogisticated air,  which,  instead  of  rising  to  the  surface,  may  be  absorbed 
by  the  water,  and,  before  the  water  is  so  much  impregnated  as  to  suffer  any 
to  escape,  the  plant  may  cease  to  vegetate,  imless  the  water  is  changt^d. 
Unless  therefore  it  could  be  shewn  that  plants  growing  in  the  dark,  in 
water  alone,  will  increase  in  size,  without  yielding  dephlogisticated  air, 
and  without  the  water  becoming  more  impregnated  with  it  than  before, 
no  objection  can  be  drawn  from  thence. 

Mr.  Senebier  finds,  that  plants  yield  much  more  dephlogisticated  air  in 
distilled  water  impregnated  with  fixed  air,  than  in  plain  distilled  water, 
which  is  perfectly  conformable  to  the  abovementioned  hypothesis;  for  as 
fixed  air  is  a  principal  constituent  part  of  vegetable  substances,  it  is 
reasonable  to  suppose  that  the  work  of  vegetation  will  go  on  better  in 
water  containing  this  substance,  than  in  other  water. 


There  are  several  memoirs  of  Mr.  Lavoisier  published  by  the  Academy 
of  Sciences,  in  which  he  intirely  discards  phlogiston,  and  explains  those 
phienomena  which  have  been  usually  attributed  to  the  loss  or  attraction 
of  that  substance,  by  the  absorption  or  expulsion  of  dephlogisticated  air; 
and  as  not  only  the  foregoing  experiments,  but  most  other  phajnomena  of 
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ferred,  it  will  be  very  difficult  to  determine  by  experiment  which  of  these 
opinions  is  the  truest ;  but  as  the  commonly  received  principle  of  phlogiston 
explains  all  phenomena,  at  least  as  well  as  Mr.  Lavoisier's,  I  have  adhered 
to  that.  There  is  one  circumstance  also,  which  though  it  may  appear  to 
many  not  to  have  much  force,  1  own  has  some  weight  with  me ;  it  is,  that 
as  plants  seem  to  draw  their  nourishment  almost  intirely  from  water  and 
fixed  and  phlogisticated  air,  and  are  restored  back  to  those  substances  by 
biuTiing,  it  seems  reasonable  to  conclude,  that  notwithstanding  their 
infinite  variety  they  consist  almost  intirely  of  various  combinations  of 
water  and  fixed  and  phlogisticated  air,  imited  according  to  one  of  these 
opinions  to  phlogiston,  and  deprived  according  to  the  other  of  dephlo- 
gisticated  air;  so  that,  according  to  the  latter  opinion,  the  substance  of  a 
plant  is  less  compounded  than  a  mixture  of  those  bodies  into  which  it  is 
resolved  by  bm-ning;  and  it  is  more  reasonable  to  look  for  great  variety  in 
the  more  compound  than  in  the  more  simple  substance. 

Another  thing  which  Mr.  Lavoisier  endeavours  to  prove  is,  that  de- 
phlogisticated  air  is  the  acidifying  principle.  From  what  has  been  explained 
it  appears,  that  this  is  no  more  than  saying,  that  acids  lose  their  acidity  by 
uniting  to  phlogiston,  which  with  regard  to  the  nitrous,  vitriolic,  phos- 
phoric, and  arsenical  acids  is  certainly  true.  The  same  thing,  I  believe, 
may  be  said  of  the  acid  of  sugar;  and  Mr.  I^voisier's  experiment  is  a 
strong  confirmation  of  Bergman's  opinion,  that  none  of  the  spirit  of  nitre 
enters  into  the  composition  of  the  acid,  but  that  it  only  serves  to  deprive 
the  sugar  of  part  of  its  phlogiston.  But  as  to  the  marine  acid  and  acid  of 
tartar,  it  does  not  appear  that  they  are  capable  of  losing  their  acidity  by 
any  union  with  phlogiston.  It  is  to  be  remarked  also,  that  the  acids  of 
sugar  and  tartar,  and  in  all  probability  almost  all  the  vegetable  and  animal 
acids,  are  by  burning  reduced  to  fixed  and  phlogisticated  air,  and  water, 
and  therefore  contain  more  phlogiston,  or  less  dephlogisticated  air,  than 
those  three  substances. 
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calx  of  the  imperfect  metal.  He  found  too  some  powder  of  this  kind  to 
contain  fixed  air;  but  it  must  be  observed,  that  "the  powder  used  in  this 
experiment  was  not  prepared  on  purpose,  but  was  procured  from  quick- 
silver fouled  by  having  been  used  in  various  experiments,  and  may  there- 
fore have  contained  other  impurities  besides  the  metallic  calces.  On  this 
Mr.  Kirwan  remarks,  that  Dr.  Priestley  did  not  at  first  prepare  this 
powder  on  purpose,  but  he  afterwards  did  so  prepare  it  {4  Pr.  p.  148  and 
149),  and  obtained  a  powder  exactly  of  the  same  sort.  It  was  natural  to 
suppose  from  this  remark,  that  Dr.  Priestley  must  have  obtained  fixed  air 
from  the  powder  prepared  on  purpose,  and  that  I  had  overlooked  the 
passage;  but,  on  turning  to  the  pages  referred  to,  I  was  surprised  to  find 
that  it  was  otherwise,  and  that  Dr.  Priestley  not  so  much  as  hints  that  he 
procured  fixed  air  from  the  powder  thus  prepared. 

With  regard  to  the  calcination  of  metals  it  may  be  proper  to  remark, 
that  this  operation  is  usually  performed  over  the  fire,  by  methods  in  which 
they  are  exposed  to  the  fumes  of  the  burning  fuel,  and  which  are  so  replete 
with  fixed  air,  that  it  is  not  extraordinary,  that  the  metallic  cal.\  should, 
in  a  short  time,  absorb  a  considerable  quantity  of  it ;  and  in  particular  red 
lead,  which  is  the  calx  on  which  most  experiments  have  been  made,  is 
always  so  prepared.  There  is  another  kind  of  calcination,  however,  caJled 
rusting,  which  is  performed  in  the  open  air;  but  this  is  so  slow  an  operation, 
that  the  rust  may  easily  imbibe  a  sufficient  quantity  of  fixed  air.  notwith- 
standing the  small  quantity  of  it  usually  contained  in  the  atmosphere. 

Mr.  Kirwan  allows  that  lime-water  is  not  rendered  cloudy  by  the 
mixture  of  nitrous  and  common  air;  but  contends  that  this  does  not  prove 
that  fixed  air  is  not  generated  by  the  union,  as  he  thinks  it  may  be  absorbed 
by  the  nitrous  selenite  produced  by  the  union  of  the  nitrous  acid  with  the 
lime.  This  induced  me  to  try  how  small  a  quantity  of  fixed  air  would  be 
perceived  in  tliis  experiment.  I  accordingly  repeated  it  in  the  same 
maimer  as  described  in  my  paper,  except  that  1  purposely  added  a  little 
fixed  air  to  the  common  air,  and  found  that  when  this  addition  was  jijth 
of  the  bulk,  or  ^th  of  the  weight  of  the  common  air,  the  effect  on  the  lime- 
water  was  such  as  could  not  possibly  have  been  overlooked  in  my  experi- 
ments. But  as  those  who  suppose  fixed  air  to  be  generated  by  the  mixture 
of  nitrous  and  common  air,  may  object  to  this  manner  of  trying  the  experi- 
ment, and  say,  that  the  quantity  of  fixed  air  absorbed  by  the  lime-water 
was  really  more  than  yijtb  of  the  bulk  of  the  common  air,  being  equal  to 
that  quantity  over  and  above  the  air  generated  by  the  mixture,  I  made 
another  experiment  in  a  different  manner;  namely,  I  filled  a  bottle  with 
hrae-water,  previously  mixed  with  as  much  nitrous  acid  as  is  contained  in 
an  equal  bulk  of  nitrous  air,  and  having  inverted  it  into  a  vessel  of  the 
same,  let  up  into  it,  in  the  same  manner  as  in  the  above-mentioned  experi- 
ments, a  mLxture  of  common  air  with  ^^th  of  its  bulk  of  fixed  air,  until  it 
was  half  full.  The  event  was  the  same  as  before;  namely,  the  cloudiness 
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produced  in  the  lime-water  was  such  that  I  could  not  possiUy  have  over- 
looked. It  must  be  obseWed,  that  in  this  experiment  no  fixed  air  could  be 
generated,  and  a  still  greater  proportion  of  the  lime-^-ater  was  turned  into 
nitrous  selenite  than  in  the  above-mentioned  experiments;  so  that  we  may 
safely  conclude,  that  if  any  fixed  air  is  generated  by  the  mixture  of  common 
and  nitrous  air,  it  must  be  less  than  J^th  of  the  bulk  of  the  commcm  air. 
As  for  the  nitrous  selenite,  it  seems  not  to  make  the  effect  of  the  fixed 
air  at  all  less  sensible,  as  I  found  by  filling  two  bottles  with  common  air 
mixed  with  y^h^th  of  its  bulk  of  fixed  air,  and  pouring  into  each  of  them 
equal  quantities  of  diluted  lime-\^'ater;  one  of  these  porticms  of  lime-water 
being  preWously  diluted  wth  an  equal  quantity  of  distilled  water  and  the 
other  with  the  same  quantity  of  a  diluted  sc4ution  of  nitrous  selenite,  con- 
taining about  j^r^th  of  its  weight  of  calcareous  earth ;  when  I  could  not 
perceive  that  the  latter  portion  of  Ume-^-ater  ^^as  rendered  at  all  less 
cloudy  than  the  former.  Though  the  nitrous  selenite,  howe\-er,  does  not 
make  the  effect  of  the  fixed  air  less  sensible,  yet  the  dilution  of  the  lime- 
water,  in  consequence  of  some  of  the  lime  being  abscH'bed  by  the  add, 
does;  but,  I  believe,  not  in  any  remarkaUe  degree. 

There  is  an  experiment  mentioned  by  Mr.  Kirwan  iKiiich,  though  it 
cannot  be  considered  as  an  argimfient  in  favour  of  the  generaticHi  of  fixed 
air,  as  he  only  supposes,  without  any  proof,  that  fixed  air  is  produced  in  it, 
does  yet  deserve  to  be  taken  notice  of  as  a  curious  experiment.  It  is,  that, 
if  nitrous  and  common  air  be  mixed  o\^r  dn*  quicksil\'er,  the  commoo  air 
is  not  at  all  diminished,  that  is,  the  bulk  of  the  mixture  will  be  not  less 
than  that  of  the  common  air  emplox'ed,  until  \^:ater  is  admitted,  and  the 
mixtiu^  agitated  for  a  few  minutes.  The  reason  of  this  in  all  probalMlity 
is,  that  part  of  the  phlogisticated  nitrous  acid,  into  which  the  nitrous  air  is 
con\*erted,  remains  in  the  state  of  x-apour  until  condensed  by  the  addition 
of  ^*ater.  A  proof  that  this  is  the  real  case  is,  that,  in  this  manner  of  per- 
forming the  experiment,  the  red  fumes  produced  on  mixing  the  airs  remain 
visible  for  some  hours,  but  immediately  disappear  on  the  addition  of  water 
and  agitati(Hi. 

The  most  material  experiment  alledged  by  Mr.  Kirwan  is  one  of  Dr. 
Priestley's,  in  \^iuch  he  obtained  fixed  air  from  a  mixture  of  red  precipitate 
and  iron  filings.  This  at  first  seems  really  a  strong  argument  in  favour  of 
the  generation  of  fixed  air;  for  though  plumbago,  which  is  known  to  con- 
sist chiefly  of  that  substance,  has  lately  been  found  to  be  contained  in  iron, 
yet  one  would  not  hax-e  expected  it  to  be  decompounded  by  the  red  jMe- 
cipitate.  especially  ^-hen  the  quantity  of  pure  iron  in  the  filings  was  much 
more  than  sufficient  to  supply  the  precipitate  with  phlogiston.  The 
following  experiment.  ho\w\^r.  shews  that  it  was  really  decompounded; 
and  that  the  fixed  air  obtained  w^s  not  generated,  but  ooly  separated  by 
means  of  this  decomposition. 

500  grains  of  red  precipitate  mixed  with  1000  of  inxi  filings  \iekkd,  by 
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the  assistance  of  heat,  ySuo  grain  measures  of  fixed  air,  besides  2400  of  a 
mixture  of  dephlogisticated  and  inflanunable  air,  but  chiefly  the  latter. 
The  same  quantity  of  iron  filings,  taken  from  the  same  parcel,  was  then 
dissolved  in  diluted  oil  of  vitriol,  so  as  to  leave  only  the  plumbago  and 
other  impurities.  These  mixed  vrith  500  grains  of  the  same  red  precipitate, 
and  treated  as  before,  yielded  9200  grain  measures  of  fixed  air,  and  4200 
of  dephlogisticated  air,  of  an  indifferent  quality,  but  without  any  sensible 
mixture  of  inflammable  air.  It  appears,  therefore,  that  less  fixed  air  was 
produced  when  the  red  precipitate  was  mixed  with  the  iron  fihngs  in  sub- 
stance, than  when  mixed  only  with  the  plumbago  and  other  impurities; 
which  shews,  that  its  production  was  not  owing  to  the  iron  itself,  which 
seems  to  contain  no  iixed  air,  but  to  the  plumbago,  which  contains  a  great 
deal.  The  reason,  in  all  probability,  why  less  fixed  air  was  produced  in  the 
first  case  than  [in]  the  latter  is,  that  in  the  former  more  of  the  plumbago 
escaped  being  decompounded  by  the  red  precipitate  than  in  the  other. 
It  must  be  observed,  however,  that  the  filings  used  in  this  experiment 
were  mixed  with  about  ^th  of  their  weight  of  brass,  which  was  not  dis- 
covered till  they  were  dissolved  in  the  acid,  and  which  makes  the  experi- 
ment less  decisive  than  it  would  otherwise  be.  The  quantity  of  fixed  air 
obtained  is  also  much  greater  than,  according  to  Mr.  Bergman's  experiment , 
could  be  yielded  by  the  plumbago  usually  contained  in  1000  grains  of  iron ; 
so  that  though  the  experiment  seems  to  shew  that  the  fixed  air  was  only 
produced  by  the  decomposition  of  the  impurities  in  the  filings,  yet  it  cer- 
tainly ought  to  be  repeated  in  a  more  accurate  manner. 

Before  I  conclude  this  paper,  it  may  be  proper  to  sum  up  the  state  of 
the  argument  on  this  subject.  There  are  five  methods  of  phlogistication 
considered  by  me  in  my  paper  on  air;  namely,  first,  the  calcination  of 
metals,  either  by  themselves  or  when  amalgamated  with  quicksilver; 
secondly,  the  burning  of  sulphur  or  phosphorus;  thirdly,  the  mixture  of 
nitrous  air;  fourthly,  the  explosion  of  inflammable  air;  and,  liftlily,  the 
electric  spark;  and  Mr,  Kirwan  has  not  pointed  out  any  other  which  he 
considers  as  unexceptionable.  Now  the  last  of  these  I  by  no  means  con- 
sider as  unexceptionable,  as  it  seems  much  most  likely,  that  the  phlogisti- 
cation of  the  air  in  that  experiment  is  owing  to  the  burning  or  calcination 
of  some  substance  contained  in  the  apparatus^.  It  is  true,  that  I  have  no 
proof  of  it ;  but  there  is  so  much  probability  in  the  opinion,  that  till  it  is 
proved  to  be  erroneous,  no  conclusion  can  be  drawn  from  such  experiments 
in  favour  of  the  generation  of  fixed  air.  As  to  the  first  method,  or  the 
calcination  of  metals,  there  is  not  the  least  proof  that  any  fixed  air  is 
generated,  though  we  certainly  have  no  direct  proof  of  the  contrary;  nor 

'  In  the  experiment  with  the  Htmus  1  attribute  the  fixed  air  to  tlie  burning  of  the 
litmus,  not  decomposition,  as  Mr.  Kirwan  represents  it,  which  is  a  sufficient  reason 
why  no  fixed  air  should  be  found  when  the  expeiiment  is  tried  with  air  in  which 
bodies  will  not  bum. 
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did  I  in  my  paper  insinuate  that  we  had.  The  same  thing  may  be  said  of 
the  burning  of  sulphur  and  phosphorus.  As  to  the  mixture  of  nitrous  ait, 
and  the  combustion  of  inflammable  air,  it  is  proved,  that  if  any  fixed  air 
is  generated,  it  is  so  small  as  to  elude  the  nicest  test  we  have.  It  is  certain 
too,  that  if  it  had  been  so  much  as  ^^th  of  the  bulk  of  the  common  air 
employed,  it  would  have  been  perceived  in  the  first  of  these  methods,  and 
would  have  been  sensible  in  the  second  though  still  less.  So  that  out  of  the 
five  methods  enumerated,  it  has  been  shewn,  that  in  two  no  sensible 
quantity  is  generated,  and  not  the  least  proof  has  been  assigned  that  any 
is  in  two  of  the  others;  and  as  to  the  last,  good  reasons  have  been  assigned 
for  thinking  it  inconclusive ;  and  therefore  the  conclusion  drawn  by  me  in 
the  above-mentioned  paper  seems  sufficiently  justified;  namely,  that 
though  it  is  not  impossible  that  fixed  air  may  be  generated  in  some  chemical 
processes,  yet  it  seems  certain,  that  it  is  not  the  general  effect  of  phlogisti- 
cating  air,  and  that  the  diminution  of  common  air  by  phlogistication  is 
by  no  means  owing  to  the  generation  or  separation  of  fixed  air  from  it. 
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XXIII.    Experiments  on  Air.    By  Henry  Caven- 
dish, £jy.,  i^.ij.i'.  ffW^.i". 

Read  June  a,  1785 

In  a  Paper,  printed  in  the  last  volume  of  the  Philosophical  Transactions, 
in  which  I  gai'e  my  reasons  for  thinking  that  the  diminution  produced  in 
atmospheric  air  by  phlogistication  is  not  owing  to  the  generation  of  fixed 
air,  I  said  it  seemed  most  Hkely,  that  the  phlogistication  of  air  by  the 
electric  spark  was  owing  to  the  burning  of  some  inflammable  matter  in 
the  apparatus;  and  that  the  fixed  air,  supposed  to  be  produced  in  that 
process,  was  only  separated  from  that  inflanunablc  matter  by  the  burning. 
At  that  time,  having  made  no  experiments  on  the  subject  myself,  I  was 
obliged  to  form  my  opinion  from  those  already  published ;  but  I  now  find, 
that  though  I  was  right  in  supposing  the  phlogistication  of  the  air  does  not 
proceed  from  phlogiston  communicated  to  it  by  the  electric  spark,  and 
that  no  part  of  the  air  is  converted  into  fixed  air;  yet  that  the  real  cause 
of  the  diminution  is  very  different  from  what  I  suspected,  and  depends 
upon  the  conversion  of  phlogisticated  air  into  nitrous  acid. 

The  apparatus  used  in  making  the  experiments  was  as  follows.  The 
air  through  which  the  spark  was  intended  to  be  passed,  was  confined  in  a 
glass  tube  M,  bent  to  an  angle,  as  in  fig.  i.  (tab.  XV.)  which,  after  being 
filled  with  quicksilver,  was  inverted  into  two  glasses  of  the  same  fluid,  as 
in  the  figure.  The  air  to  be  tried  was  then  introduced  by  means  of  a  small 
tube,  such  as  is  used  for  thermometers,  bent  in  the  manner  represented  by 
ABC  (fig.  2.)  the  bent  end  of  which,  after  being  previously  filled  with  quick- 
silver, was  introduced,  as  in  the  figure,  imder  the  glass  DEF,  inverted  into 
water,  and  filled  with  the  proper  kind  of  air.  the  end  C  of  the  tube  being 
kept  stopped  by  the  finger;  then,  on  removing  the  finger  from  C.  the 
quicksilver  in  the  tube  descended  in  the  leg  BC,  and  its  place  was  supplied 
with  air  from  the  glass  DEF,  Having  thus  got  the  proper  quantity  of  air 
into  the  tube  ABC,  it  was  held  with  the  end  C  uppermost,  and  stopped 
with  the  finger;  and  the  end  A,  made  smaller  for  that  purpose,  being  intro- 
duced into  one  end  of  the  bent  tube  M,  (fig.  i.)  the  air,  on  removing  the 
finger  from  C,  was  forced  into  that  tube  by  the  pressure  of  the  quicksilver 
in  the  leg  BC.    By  these  means  I  was  enabled  to  introduce  the  exact 
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latent  heat,  whereas  I  take  no  notice  of  the  latter  circumstance,  it  may  be 
proper  to  mention  in  a  few  words  the  reason  of  this  apparent  difference 
between  us.  If  there  be  any  such  thing  as  elementary  heat,  it  must  be 
allowed  that  what  Mr.  Watt  says  is  true ;  but  by  the  same  rule  we  ought  to 
say,  that  the  diluted  mineral  acids  consist  of  the  concentrated  acids  united 
to  water  and  deprived  of  part  of  their  latent  heat;  that  solutions  of  sal 
ammoniac,  and  most  other  neutral  salts,  consist  of  the  salt  imited  to  water 
and  elementary  heat ;  and  a  similar  language  ought  to  be  used  in  speaking 
of  almost  all  chemical  combinations,  as  there  are  very  few  which  are  not 
attended  with  some  increase  or  diminution  of  heat.  Now  I  have  chosen 
to  avoid  this  form  of  speaking,  both  because  I  think  it  more  Ukely  that 
there  is  no  such  thing  as  elementary  heat,  and  because  saying  so  in  this 
instance,  without  using  similar  expressions  in  speaking  of  other  chemical 
unions,  would  be  improper,  and  would  lead  to  false  ideas;  and  it  may  even 
admit  of  doubt,  whether  the  doing  it  in  general  would  not  cause  more  trouble 
and  perplexity  than  it  is  worth. 

There  is  the  utmost  reason  to  think,  that  dephlogisticated  and  phlogis- 
ticated  air,  as  M.  Lavoisier  and  Scheele  suppose,  are  quite  distinct  sub- 
stances, and  not  differing  only  in  their  degree  of  phlogistication ;  and  that 
common  air  is  a  mixture  of  the  two ;  for  if  the  dephlogisticated  air  is  pretty 
pure,  almost  the  whole  of  it  loses  its  elasticity  by  phlogistication,  and,  as 
appears  by  the  foregoing  experiments,  is  turned  into  water,  instead  of 
being  converted  into  phlogisticated  air.  In  most  of  the  foregoing  experi- 
ments, at  least  jfths  of  the  whole  was  turned  into  water;  and  by  treating 
some  dephlogisticated  air  with  Uver  of  sulphiu",  I  have  reduced  it  to  less 
than  ^^th  of  its  original  bulk,  and  other  persons,  I  believe,  have  reduced 
it  to  a  still  less  bulk;  so  that  there  seems  the  utmost  reason  to  suppose, 
that  the  small  residuum  which  remains  after  its  phlogistication  proceeds 
only  from  the  impurities  mixed  with  it. 

It  was  just  said,  that  some  dephlogisticated  air  was  reduced  by  liver 
of  sulphur  to  g^th  of  its  original  bulk;  the  standard  of  this  air  was  4,8,  and 
consequently  the  standard  of  perfectly  pure  dephlogisticated  air  should  be 
very  nearly  5,  which  is  a  confirmation  of  the  foregoing  opinion;  for  if  the 
standard  of  piu^e  dephlogisticated  air  is  5,  common  air  must,  according  to 
this  opinion,  contain  one-fifth  of  it,  and  therefore  ought  to  lose  one-fifth  of 
its  bulk  by  phlogistication,  which  is  what  it  is  actually  found  to  lose. 

From  what  has  been  said,  it  follows,  that  instead  of  sa)dng  air  is 
phlogisticated  or  dephlogisticated  by  any  means,  it  would  be  more  strictly 
just  to  say,  it  is  deprived  of,  or  receives,  an  addition  of  dephlogisticated 
air;  but  as  the  other  expression  is  convenient,  and  can  scarcely  be  con- 
sidered as  improper,  I  shall  still  frequently  make  use  of  it  in  the  remainder 
of  this  paper. 

There  seemed  great  reason  to  think,  from  Dr.  Priestley's  experiments, 
that  both  the  nitrous  and  vitriolic  acids  were  convertible  into  dephlogisti- 
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cated  air,  as  that  air  is  procured  in  the  greatest  quantity  from  substances 
containing  those  acids,  especially  the  former.  The  foregoing  experiments, 
however,  seem  to  shew  that  no  part  of  the  acid  is  converted  into  de- 
phlogisticated  air,  and  that  their  use  in  preparing  it  is  owing  only  to  the 
great  power  wliicli  they  possess  of  depriving  bodies  of  their  phlogiston. 
A  strong  confirmation  of  this  is.  that  red  precipitate,  which  is  one  of  the 
substances  yielding  dephlogisticated  air  in  the  greatest  quantity,  and 
which  is  prepared  by  means  of  the  nitrous  acid,  contains  in  reality  no 
acid.  This  I  found  by  grinding  400  grains  of  it  with  spirits  of  sal  ammoniac, 
and  keeping  them  together  for  some  days  in  a  bottle,  taking  care  to  shake 
them  frequently.  The  red  colour  of  the  precipitate  was  rendered  pale,  but 
not  entirely  destroyed;  being  then  washed  with  water  and  filtered,  the 
clear  liquor  yielded  on  evaporation  not  the  least  ammoniacal  salt. 

It  is  natural  to  think,  that  i(  any  nitrous  acid  had  been  contained  in 
the  red  precipitate,  it  would  have  united  to  the  volatile  alkali  and  have 
formed  ammoniacal  nitre,  and  would  have  been  perceived  on  evaporation ; 
but  in  order  to  determine  more  certainly  whether  this  would  be  the  case. 
I  dried  some  of  the  same  solution  of  quicksilver  from  which  the  red  pre- 
cipitate was  prepared  with  a  less  heat,  so  that  it  acquired  only  an  orange 
colour,  and  treated  the  same  quantity  of  it  with  volatile  alkali  in  the  same 
manner  as  before.  It  immediately  caused  an  effervescence,  changed  the 
colour  to  grey,  and  yielded  52  grains  of  ammoniacal  nitre.  There  is  the 
utmost  reason  to  think,  therefore,  that  red  precipitate  contains  no  nitrous 
acid;  and  consequently  that,  in  procuring  dephlogisticated  air  from  it,  no 
acid  is  converted  into  air;  and  it  is  reasonable  to  conclude,  therefore,  that 
no  such  change  is  produced  in  procuring  it  from  any  other  substance. 

It  remains  to  consider  in  what  manner  these  acids  act  in  producing 
dephlogisticated  air.  The  way  in  which  the  nitrous  acid  acts,  in  the  pro- 
duction of  it  from  red  precipitate,  seems  to  be  as  follows.  On  distilling  the 
mixture  of  quicksilver  and  spirit  of  nitre,  the  acid  comes  over,  loaded  with 
phlogiston,  in  the  form  of  nitrous  vapour,  and  continues  to  do  so  till  the 
remaining  matter  acquires  its  full  red  colour,  by  which  time  all  the  nitrous 
acid  is  driven  over,  but  some  of  the  watery  part  still  remains  behind,  and 
adheres  strongly  to  the  quicksilver;  so  that  the  red  precipitate  may  be 
considered,  either  as  quicksilver  deprived  of  part  of  its  phlogiston,  and 
united  to  a  certain  portion  of  water,  or  as  quicksilver  united  to  dephlogis- 
ticated air';  after  which,  on  further  increasing  the  heat,  the  water  in  it 
*  Unless  we  were  much  better  acquainted  than  we  are  with  the  manner  in  which 
different  substances  are  united  together  in  compound  bodies,  it  would  be  ridiculous 
to  say,  that  it  is  the  quicksilver  in  the  red  precipitate  which  b  deprived  of  its 
phlogiston,  and  not  the  water,  or  tliat  it  is  the  water  and  not  the  quicksilver;  all 
that  we  can  say  is,  that  red  precipitate  consists  of  quicksilver  and  water,  one  or  both 
of  which  are  deprived  ofpart  of  their  phlogiston.  In  like  manner,  during  the  prepara- 
tion of  the  red  precipitate,  it  is  certain  that  the  acid  absorbs  phlogiston,  either  from 
the  quicksilver  or  the  water;  but  we  are  by  no  means  authorised  to  say  from  which. 
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air.  The  air  was  very  much  diminished,  but  without  the  least  cloud  being 
produced  in  the  lime-water.  Neither  was  any  cloud  produced  when  iixed 
air  was  let  up  to  it ;  but  on  the  further  addition  of  a  little  caustic  volatile 
alkali,  a  brown  sediment  was  immediately  perceived. 

Hence  we  may  conclude,  that  the  lime-water  was  saturated  by  some 
acid  formed  during  the  operation ;  as  in  this  case  it  is  evident,  that  no  earth 
could  be  precipitated  by  the  fixed  air  alone,  but  that  caustic  volatile  alkali, 
on  being  added,  would  absorb  the  fixed  air,  and  thus  becoming  mild,  would 
immediately  precipitate  the  earth ;  whereas,  if  the  earth  in  the  lime-water 
had  not  been  saturated  with  an  acid,  it  woiild  have  been  precipitated  by 
the  fixed  air.  As  to  the  brown  colour  of  the  sediment,  it  most  Ukely  pro- 
ceeded from  some  of  the  quicksilver  having  been  dissolved. 

It  must  be  observed,  that  if  any  fixed  air,  as  well  as  acid,  had  been 
generated  in  these  two  experiments  with  the  lime-water,  a  cloud  must 
have  been  at  first  perceived  in  it,  though  that  cloud  would  after^vards 
disappear  by  the  earth  being  re-dissolved  by  the  acid;  for  til!  the  acid 
produced  was  sufficient  to  dissolve  the  whole  of  the  earth,  some  of  the  re- 
mainder would  be  precipitated  by  the  fixed  air;  so  that  we  may  safely 
conclude,  that  no  fixed  air  was  generated  in  the  operation. 

When  the  air  is  confined  by  soap-lees,  the  diminution  proceeds  rather 
faster  than  when  it  is  confined  by  lime-water;  for  which  reason,  as  well  as 
on  account  of  their  containing  so  much  more  alkaline  matter  in  proportion 
to  their  bulk,  soap-lees  seemed  better  adapted  for  experiments  designed 
to  investigate  the  nature  of  tfiis  acid,  than  lime-water.  I  accordingly  made 
some  experiments  to  determine  what  degree  of  purity  the  air  should  be  of, 
in  order  to  be  diminished  most  readily,  and  to  the  greatest  degree ;  and 
I  found,  that,  when  good  dephlogislicated  air  was  used,  the  diminution 
was  but  small;  when  perfectly  phlogisticated  air  was  used,  no  sensible 
diminution  took  place;  but  when  five  parts  of  pure  dephlogisticated  air 
were  mixed  with  three  parts  of  common  air,  almost  the  whole  of  the  air 
was  made  to  disappear. 

It  must  be  considered,  that  common  air  consists  of  one  part  of  de- 
phlogisticated air,  mixed  with  four  of  phlosislicated ;  so  that  a  mixture  of 
five  parts  of  pure  dephlogisticated  air,  and  three  of  common  air,  is  the 
same  thing  as  a  mixture  of  seven  parts  of  dephlogisticated  air  with  three 
of  phlogisticated. 

Having  made  these  previous  trials,  I  introduced  into  the  tube  a  Uftle 
soap-lees,  and  then  let  up  some  dephlogisticated  and  common  air,  mixed 
in  the  above-mentioned  proportions,  which  rising  to  the  top  of  the  tube  M, 
divided  the  soap-lees  into  its  two  legs.  As  fast  as  the  air  was  diminished 
by  the  electric  spark,  I  continued  adding  more  of  the  same  kind,  till  no 
further  diminution  took  place:  after  which  a  little  pure  dephlogisticated 
air,  and  after  that  a  little  common  air,  were  added,  in  order  to  see  whether 
the  cessation  of  diminution  was  not  owing  to  some  imperfection  in  the 
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proportion  of  the  two  kinds  of  air  to  each  other;  but  without  effect^.  The 
soap-lees  being  then  poiu^ed  out  of  the  tube,  and  separated  from  the  quick- 
silver, seemed  to  be  perfectly  neutralized,  as  they  did  not  at  all  discolour 
paper  tinged  with  the  juice  of  blue  flowers.  Being  evaporated  to  dryness, 
they  left  a  small  quantity  of  salt,  which  was  evidently  nitre,  as  appeared 
by  the  manner  in  which  paper,  impregnated  with  a  solution  of  it,  burned. 

For  more  satisfaction,  I  tried  this  experiment  over  again  on  a  larger 
scale.  About  five  times  the  former  quantity  of  soap-lees  were  now  let  up 
into  a  tube  of  a  larger  bore ;  and  a  mixture  of  dephlogisticated  and  common 
air,  in  the  same  proportions  as  before,  being  introduced  by  the  apparatus 
represented  in  fig.  3.  the  spark  was  continued  till  no  more  air  could  be 
made  to  disappear.  The  liquor,  when  poured  out  of  the  tube,  smelled 
evidently  of  phlogisticated  nitrous  acid,  and  being  evaporated  to  dryness, 
yielded  iy%  gr.  of  salt,  which  is  pretty  exactly  equal  in  weight  to  the  nitre 
which  that  quantity  of  soap-lees  would  have  afforded  if  saturated  with 
nitrous  acid.  This  salt  was  found,  by  the  manner  in  which  paper  dipped 
into  a  solution  of  it  burned,  to  be  true  nitre.  It  appeared,  by  the  test  of 
terra  ponderosa  salita,  to  contain  not  more  vitriolic  acid  than  the  soap-lees 
themselves  contained,  which  was  excessively  little;  and  there  is  no  reason 
to  think  that  any  other  acid  entered  into  it,  except  the  nitrous. 

A  circumstance,  however,  occurred,  which  at  first  seemed  to  shew,  that 
this  salt  contained  some  marine  acid;  namely,  an  evident  precipitation 
took  place  when  a  solution  of  silver  was  added  to  some  of  it  dissolved  in 
water;  though  the  soap-lees  used  in  its  formation  were  perfectly  free  from 
marine  acid,  and  though,  to  prevent  all  danger  of  any  precipitate  being 
formed  by  an  excess  of  alkali  in  it,  some  purified  nitrous  acid  had  been 
added  to  it,  previous  to  the  addition  of  the  solution  of  silver.  On  con- 
sideration, however,  I  suspected,  that  this  precipitation  might  arise  from 
the  nitrous  acid  in  it  being  phlogisticated ;  and  therefore  I  tried  whether 
nitre,  much  phlogisticated,  would  precipitate  silver  from  its  solution.  For 
this  purpose  I  exposed  some  nitre  to  the  fire,  in  an  earthen  retort,  till  it 
had  )delded  a  good  deal  of  dephlogisticated  air;  and  then,  having  dissolved 
it  in  water,  and  added  to  it  some  well-purified  spirit  of  nitre  till  it  was 
sensibly  acid,  in  order  to  be  certain  that  the  alkali  did  not  predominate, 
I  dropped  into  it  some  solution  of  silver,  which  immediately  made  a  very 
copious  precipitate.  This  solution,  however,  being  deprived  of  some  of  its 
phlogiston  by  evaporation  to  dryness,  and  exposure  for  a  few  weeks  to  the 

*  From  what  follows  it  appears,  that  the  reason  why  the  air  ceased  to  dimiiiish 
was,  that  as  the  soap-lees  were  then  become  neutralized,  no  alkali  remained  to 
absorb  the  acid  formed  by  the  operation,  and  in  consequence  scarce  any  air  was 
turned  into  acid.  The  spark,  however,  was  not  continued  long  enough  after  the 
apparent  cessation  of  diminution,  to  determine  with  certainty,  whether  it  was  only 
that  the  diminution  went  on  remarkably  slower  than  before,  or  that  it  was  almost 
come  to  a  stand,  and  could  not  have  been  carried  much  further,  though  I  had  per- 
sisted in  passing  the  sparks. 
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air,  lost  the  property  of  precipitating  silver  from  its  solution;  a  proof  that 
this  property  depended  only  on  its  phlogistication,  and  not  on  its  having 
absorbed  sea-salt  from  the  retort,  or  by  any  other  means. 

Hence  it  is  certain,  that  nitre,  when  much  phlogisticated,  is  capable  of 
making  a  precipitate  with  a  sohition  of  silver;  and  therefore  there  is  no 
reason  to  think,  that  the  precipitate,  which  our  salt  occasioned  with  a 
solution  of  silver,  proceeded  from  any  other  cause  than  that  of  its  being 
phlogisticated;  especially  as  it  appeared  by  the  smell,  both  on  first  taking 
it  out  of  the  tube,  and  on  the  addition  of  the  spirit  of  nitre,  previous  to 
dropping  in  the  solution  of  silver,  that  the  acid  in  it  was  much  phlogisti- 
cated. This  property  of  phlogisticated  nitre  is  worth  the  attention  of 
chemists;  as  otherwise  they  may  sometimes  be  led  into  mistakes,  in  in- 
vestigating the  presence  of  marine  acid  by  a  solution  of  silver. 

In  the  above-mentioned  Paper  I  said,  that  when  nitre  is  detonated  with 
charcoal,  the  acid  is  converted  into  phlogisticated  air;  that  is,  into  a  sub- 
stance which,  as  far  as  I  could  perceive,  possesses  all  the  properties  of  the 
phlogisticated  air  of  our  atmosphere;  from  which  I  concluded,  that 
phlogisticated  air  is  nothing  else  than  nitrous  acid  united  to  phlogiston. 
According  to  this  conclusion,  phlogisticated  air  ought  to  be  reduced  to 
nitrous  acid  by  being  deprived  of  its  phlogiston.  But  as  dephlogisticated 
air  is  only  water  deprived  of  phlogiston,  it  is  plain,  that  adding  dephlo- 
gisticated air  to  a  body,  is  equivalent  to  depriving  it  of  phlogiston,  and 
adding  water  to  it ;  and  therefore,  phlogisticated  air  ought  also  to  be  re- 
duced to  nitrous  acid,  by  being  made  to  unite  to,  or  form  a  chemical  com- 
bination with,  dephlogisticated  air;  only  the  acid  formed  this  way  will  be 
more  dilute,  than  if  the  phlogisticated  air  was  simply  deprived  of  phlo- 
giston. 

This  being  premised,  we  may  safely  conclude,  that  in  the  present 
experiments  the  phlogisticated  air  was  enabled,  by  means  of  the  electrical 
spark,  to  unite  to,  or  form  a  chemical  combination  with,  the  dephlogisti- 
cated air,  and  was  thereby  reduced  to  nitrous  acid,  which  united  to  the 
soap-tees,  and  formed  a  solution  of  nitre;  for  in  these  experiments  those 
two  airs  actually  disappeared,  and  nitrous  acid  was  actually  formed  in 
their  room ;  and  as.  moreover,  it  has  just  been  shewn,  from  other  circum- 
stances, that  phlogisticated  air  must  form  nitrous  acid,  when  combined 
with  dephlogisticated  air,  the  above-mentioned  opinion  seems  to  be 
sufficiently  established.  A  further  confirmation  of  it  is,  that,  as  far  as  I  can 
perceive,  no  diminution  of  air  is  produced  when  the  electric  spark  is  passed 
either  through  pure  dephlogisticated  air.  or  through  perfectly  phlogisti- 
cated air;  which  indicates  the  necessity  of  a  combination  of  these  two  airs 
to  produce  the  acid.  Moreover,  it  was  found  in  the  last  experiment,  that 
the  quantity  of  nitre  procured  was  the  same  that  the  soap-lees  would  have 
produced  if  saturated  with  nitrous  acid :  which  shews,  that  the  production 
of  the  nitre  was  not  owing  to  any  decomposition  of  the  soap-lees. 
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It  may  be  worth  remarking,  that  whereas  in  the  detonation  of  nitre 
with  inflammable  substances,  the  acid  imites  to  phlogiston,  and  forms 
phlogisticated  air,  in  these  experiments  the  reverse  of  this  process  was 
carried  on;  namely,  the  phlogisticated  air  imited  to  the  dephlogisticated 
air,  which  is  equivalent  to  being  deprived  of  its  phlogiston,  and  was  re- 
duced to  nitrous  acid. 

In  the  above-mentioned  Paper  I  also  gave  my  reasons  for  thinking,  that 
the  small  quantity  of  nitrous  acid,  produced  by  the  explosion  of  de- 
phlogisticated and  inflammable  air,  proceeded  from  a  portion  of  phlogisti- 
cated air  mixed  with  the  dephlogisticated,  which  I  supposed  was  deprived 
of  its  phlogiston,  and  turned  into  nitrous  acid,  by  the  action  of  the  de- 
phlogisticated air  on  it,  assisted  by  the  heat  of  the  explosion.  This  opinion, 
as  must  appear  to  every  one,  is  confirmed  in  a  remarkable  manner  by  the 
foregoing  experiments;  as  from  them  it  is  evident,  that  dephlogisticated 
air  is  able  to  deprive  phlogisticated  air  of  its  phlogiston,  and  reduce  it  into 
acid,  when  assisted  by  the  electric  spark;  and  therefore  it  is  not  extra- 
ordinary that  it  should  do  so,  when  assisted  by  the  heat  of  the  explosion. 

The  soap-lees  used  in  the  foregoing  experiments  were  made  from  salt  of 
tartar,  prepared  without  nitre;  and  were  of  such  a  strength  as  to  3deld 
one-tenth  of  their  weight  of  nitre  when  Saturated  with  nitrous  acid.  The 
dephlogisticated  air  also  was  prepared  without  nitre,  that  used  in  the  first 
experiment  with  the  soap-lees  being  procured  from  the  black  powder 
formed  by  the  agitation  of  quicksilver  mixed  with  lead^,  and  that  used  in 
the  latter  from  turbith  mineral.  In  the  first  experiment,  the  quantity  of 
soap-lees  used  was  35  measures,  each  of  which  was  equal  in  bulk  to  one 
grain  of  quicksilver;  and  that  of  the  air  absorbed  was  416  such  measures 
of  phlogisticated  air,  and  914  of  dephlogisticated.  In  the  second  experi- 
ment, 178  measures  of  soap-lees  were  used,  and  they  absorbed  1920  of 
phlogisticated  air,  and  4860  of  dephlogisticated.  It  must  be  observed, 
however,  that  in  both  experiments  some  air  remained  in  the  tube  imcon- 
densed,  whose  degree  of  pmity  I  had  no  way  of  tr5dng;  so  that  the  pro- 
portion of  each  species  of  air  absorbed  is  not  known  with  much  exactness. 

As  far  as  the  experiments  hitherto  published  extend,  we  scarcely  know 
more  of  the  nature  of  the  phlogisticated  part  of  our  atmosphere,  than  that 
it  is  not  diminished  by  lime-water,  caustic  alkalies,  or  nitrous  air;  that  it  is 
imfit  to  support  fire,  or  maintain  life  in  animals;  and  that  its  specific 
gravity  is  not  much  less  than  that  of  common  air:  so  that,  though  the 
nitrous  acid,  by  being  imited  to  phlogiston,  is  converted  into  air  possessed 
of  these  properties,  and  consequently,  though  it  was  reasonable  to  suppose, 
that  part  at  least  of  the  phlogisticated  air  of  the  atmosphere  consists  of 
this  acid  imited  to  phlogiston,  yet  it  might  fairly  be  doubted  whether  the 
whole  is  of  this  kind,  or  whether  there  are  not  in  reality  many  different 

*  This  air  was  as  pure  as  any  that  can  be  procured  by  most  processes.  I  propose 
giving  an  account  of  the  experiment,  in  which  it  was  prepared,  in  a  future  Paper. 
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substances  confounded  together  by  us  under  the  name  of  phlogisticatcd 
air.  I  therefore  made  an  experiment  to  determine,  whether  the  whole  of  a 
given  portion  of  the  phlogisticatcd  air  of  the  atmosphere  could  be  reduced 
to  nitrous  acid,  or  whether  there  was  not  a  part  of  a  different  nature  from 
the  rest,  which  would  refuse  to  undergo  that  change.  The  foregoing 
experiments  indeed  in  some  measure  decided  this  point,  as  much  the 
greatest  part  of  the  air  let  up  into  the  tube  lost  its  elasticity;  yet,  as  some 
remained  unabsorbed,  it  did  not  appear  for  certain  whether  that  was  of 
the  same  nature  as  the  rest  or  not.  For  this  purpose  I  diminished  a  similar 
mixture  of  dephlogisticated  and  common  air.  in  the  same  manner  as 
before,  till  it  was  reduced  to  a  small  part  of  its  original  bulk.  I  then,  in 
order  to  decompound  as  much  as  I  could  of  the  phlogisticated  air  which 
remained  in  the  tube,  added  some  dephlogisticated  air  to  it,  and  continued 
the  spark  till  no  further  diminution  took  place.  Having  by  these  means 
condensed  as  much  as  I  could  of  the  phlogisticated  air,  I  let  up  some 
solution  of  liver  of  sulphur  to  absorb  the  dephlogisticated  air;  after  which 
only  a  small  bubble  of  air  remained  unabsorbed,  which  certainly  was  not 
more  than  -j-Jti  of  the  bulk  of  the  phlogisticated  air  let  up  into  the  tube; 
so  that  if  there  is  any  part  of  the  phlogisticated  air  of  our  atmosphere 
which  differs  from  the  rest,  and  cannot  be  reduced  to  nitrous  acid,  we  may 
safely  conclude,  that  it  is  not  more  than  xhv<  pa-^t  of  the  whole. 

The  foregoing  experiments  shew,  that  the  chief  cause  of  the  diminution 
which  common  air,  or  a  mixture  of  common  and  dephlogisticated  air, 
suffers  by  the  electric  spark,  is  the  conversion  of  the  air  into  nitrous  acid ; 
but  yet  it  seemed  not  unlikely,  that  when  any  liquor,  containing  inflam- 
mable matter,  was  in  contact  with  the  air  in  the  tube,  some  of  this  matter 
might  be  burnt  by  the  spark,  and  thereby  diminish  the  air,  as  I  supposed 
in  the  above-mentioned  Paper  to  be  the  case.  The  best  way  which  occurred 
to  me  of  discovering  whether  this  happened  or  not,  was  to  pass  the  spark 
through  dephlogisticated  air,  included  between  different  liquors:  for  then, 
if  the  diminution  proceeded  solely  from  the  conversion  of  air  into  nitrous 
acid,  it  is  plain  that,  when  the  dephlogisticated  air  was  perfectly  pure,  no 
diminution  would  take  place;  but  when  it  contained  any  phlogisticated 
air,  all  this  phlogisticated  air,  joined  to  as  much  of  the  dephlogisticated  air 
as  must  unite  to  it  in  order  to  reduce  it  into  acid,  that  is,  two  or  three  times 
its  bulk,  would  disappear,  and  no  more ;  so  that  the  whole  diminution  could 
not  exceed  three  or  four  times  the  bulk  of  the  phlogisticated  air :  whereas,  if 
the  diminution  proceeded  from  the  burning  of  the  inflammable  matter,  the 
purer  the  dephlogisticated  air  was,  the  greater  and  quicker  would  be  the 
diminution. 

The  result  of  the  experiments  was,  that  when  dephlogisticated  air, 
containing  only  ^  of  its  bulk  of  phlogisticated  air  (that  being  the  purest 
air  I  then  had),  was  confined  between  short  columns  of  soap-lees,  and  the 
spark  passed  through  it  fill  no  further  diminution  could  be  perceived,  the 
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air  lost  ^  of  its  bulk ;  which  is  not  a  greater  diminution  than  might  very 
likely  proceed  from  the  first-mentioned  cause;  as  the  dephlogisticated  air 
might  easily  be  mixed  with  a  little  common  air  while  introducing  into  the 
tube. 

When  the  same  dephlogisticated  air  was  confined  between  columns  of 
distilled  water,  the  diminution  was  rather  greater  than  before,  and  a  white 
powder  was  formed  on  the  surface  of  the  quicksilver  beneath ;  the  reason 
of  which,  in  all  probability,  was,  that  the  acid  produced  in  the  operation 
corroded  the  quicksilver,  and  formed  the  white  powder;  and  that  the 
nitrous  air,  produced  by  that  corrosion,  imited  to  the  dephlogisticated  air, 
and  caused  a  greater  diminution  than  would  otherwise  have  taken  place. 

When  a  solution  of  litmus  was  used,  instead  of  distilled  water,  the 
solution  soon  acquired  a  red  colour,  which  grew  paler  and  paler  as  the 
spark  was  continued,  till  at  last  it  became  quite  coloiu-less  and  transparent. 
The  air  was  diminished  by  almost  half,  and  I  believe  might  have  been  still 
further  diminished,  had  the  spark  been  continued.  When  lime-water  was 
let  up  into  the  tube,  a  cloud  was  formed,  and  the  air  was  further  diminished 
by  about  one-fifth.  The  remaining  air  was  good  dephlogisticated  air.  In 
this  experiment,  therefore,  the  litmus  was,  if  not  burnt,  at  least  decom- 
pounded, so  as  to  lose  entirely  its  purple  colour,  and  to  3deld  fixed  air;  so 
that,  though  soap-lees  cannot  be  decompounded  by  this  process,  yet  the 
solution  of  litmus  can,  and  so  very  likely  might  the  solutions  of  many  other 
combustible  substances.  But  there  is  nothing,  in  any  of  these  experiments, 
which  favours  the  opinion  of  the  air  being  at  all  diminished  by  means  of 
phlogiston  communicated  to  it  by  the  electric  ^)ark. 


[    '95    ] 
Philosophical  Transactions.    Vol.  76,  1786,  p.  241 

XIII.  An  Account  of  Experiments  made  by  J^lr.  John 
M*^Nab,  «r  Henley  House,  Hudson's  Bay,  relating 
to  freezing  Mixtures.  By  Henry  Cavendish,  Esq.^ 
F.R.S.  and  A.S. 

Read  February  23,  1786 

In  ray  observations  on  Mr.  Hufchins's  Experiments,  printed  in  the 
LXXIIId  volume  of  the  Philosophical  Transactions,  I  gave  my  opinion 
concerning  the  cause  of  the  cold  produced  by  mixing  snow  with  different 
liquors.  As  there  were  some  circumstances,  however,  which  seemed  to 
form  a  difficulty  in  the  way  of  this  opinion,  I  was  desirous  of  having  further 
■  experiments  made  on  the  subject ;  and  at  the  same  time  I  thought  that,  by 
proper  management,  a  greater  degree  of  cold  might  be  produced  than  had 
hitherto  been  done.  On  mentioning  the  experiments  I  wished  to  have, 
made  to  Mr.  Hutchins,  he  very  obligingly  desired  Mr.  M'Nab,  Master  at 
Henley-House,  to  try  them ;  who  was  so  good  as  to  undertake  the  business, 
find  has  executed  it  in  the  most  satisfactory  manner;  as  he  has  not  only 
taken  great  pains,  but  has  shewn  the  utmost  attention  and  accuracy,  in 
observing  and  relating  all  the  phenomena  which  occurred,  and  has  mani- 
fested great  judgement  in  frequently  adapting  the  manner  of  trying  the 
experiments  to  appearances  which  occurred  in  former  ones,  to  which  we 
are  indebted  for  great  part  of  the  most  curious  facts  in  this  paper.  His 
endeavours  have  also  been  attended  with  much  success,  as  he  has  not  only 
shewn  many  remarkable  circumstances  relating  to  the  freezing  of  the 
nitrous  and  vitriolic  acids,  and  the  phenomena  of  freezing  mixtures;  but 
has  also  produced  degrees  of  cold  greatly  superior  to  any  before  known. 

I.  In  the  above-mentioned  Paper  I  said,  that  the  cold  produced  by 
mixing  spirit  of  nitre  with  snow,  is  owing  to  the  melting  of  the  snow;  and 
that  in  all  probability  there  is  a  certain  degree  of  cold,  in  which  spirit  of 
nitre  is  so  far  from  dissolving  snow,  that  it  will  yield  out  part  of  its  own 
water,  and  suffer  that  to  freeze,  as  is  the  case  with  solutions  of  common 
salt ;  so  that  if  the  cold  of  the  materials,  before  mixing,  is  equal  to  this,  no 
additional  cold  can  be  produced.  A  circumstance,  however,  which  at  first 
sight  seems  repugnant  to  this  opinion,  occurred  in  an  experiment  of 
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its  heat  from  28"  to  51°,  so  that  no  greater  cold  will  be  produced,  than  woiild 
be  obtained  by  mixing  the  diluted  acid  heated  to  51°  with  snow  of  the  heat  of 
28°.  This  method  of  adding  snow  gradually  to  an  acid,  is  much  the  best  way 
I  know  of  finding  what  strength  it  ought  to  be  of,  in  order  to  produce  the  greatest 
effect  p 


As  it  seemed  likely  that,  by  following  this  method,  a  greater  degree  of 
cold  might  be  produced  than  had  been  done  hitherto,  I  sent  three  other 
bottles  of  spirit  of  nitre  and  oil  of  vitriol,  all  three  diluted,  but  not  so  much 
so,  but  that  I  thought  they  would  require  a  little  further  dilution,  in  order 
to  reduce  them  to  their  properesf  degree  of  strength.  I  also  sent  a  bottle 
of  highly  rectified  spirit  of  wine,  and  a  mixture  of  equal  quantities  of  the 
above-mentioned  common  spirit  of  nitre  and  oil  of  vitriol;  and  desired 
Mr.  M^Nab  to  find  what  degree  of  cold  could  be  produced  by  mixing  them 
with  snow,  after  having  first  reducud  them,  in  the  above-mentioned 
manner,  to  their  best  degree  of  strength'. 

He  was  also  desired  to  ascertain  how  much  snow  he  added;  for  as  their 
stn?ngth  was  determined  before  they  were  sent  out,  it  would  thereby  be 
known  what  was  the  best  strength  of  these  liquors  for  frigorific  mixtures. 

All  these  bottles  were  numbered  with  a  diamond;  and  as  I  shall  some- 
times distinguish  them  by  these  numbers,  and  as  it  may  be  of  use  to  those 
who  may  consult  the  original,  I  have  added  the  following  list  of  these 
bottles,  with  their  contents. 


4 


Weight  of 

marble  which 

they  dissolve 

,582 
.53 
.654 


graviW  at 

I -437 1 
1.4040 
1.5596 


No.  Liquors  menUoned  in  Art,  3 

168         Spirit  of  nitre     ... 

27  Dephlogisticated  spirit  of  nitre 
103         Diluted  oil  of  vitriol 

28  Equal  weights  of  No.  168  and  No.  103 
8         Very  highly  rectified  spirit  of  wine —  18195 

Liquors  incntioned  in  Art.  2 
151         Strong  oil  of  vitriol       98  1,8437 

142  Spirit  of  nitre ,525  1,4043 

139         Some  of  the  same  diluted  with  twice  its  weight 

of  water —  — 

141         Dephlogisticated  spirit  of  nitre  53  r,4"33 

143  Some  of  the  same  spirit  of  wine  as  in  No.  8 

diluted  with  ij  its  weight  of  water           ...  — 
72         Diluted  oil  of  vitriol  for  comparing  the  ther- 
mometers               ,629 

171         Oil  of  vitriol  of  about  the  usual  strength,  but 
the  exact  strength  not  known,  intended  to 

refresh  the  former  when  too  weak —  — 

>  This  might  have  been  done  at  home:  but  I  thought  it  not  unlikely  that  the 
streagth  found  this  way  might  differ,  in  some  measure,  according  to  the  heat  is 
which  the  experiment  was  tried. 


i 
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4.  Professor  Braun  says,  that  by  mixtures  of  snow  and  spirit  of  ni 
he  sunk  thermometers  filled  wth  oil  of  sassafras,  and  some  other  essent 
oils,  to  —  100°  or  —  124°;  and  that,  by  the  same  means,  he  sunk  th^ 
mometers  filled  with  the  highest  rectified  spirit  of  ^^ine  to  —  148®.  Thou 
there  seemed  great  reason  to  think,  from  Mr.  Hutchins's  ex{>erimeD 
that  there  must  be  some  mistake  in  this;  yet,  as  it  was  possible  that  t 
essential  oils,  and  even  spirit  of  wine  of  a  strength  much  different  fr< 
that  with  which  Mr.  Hutchins's  thermometers  were  filled,  might  follow 
considerably  different  progression  in  their  contraction  by  great  degrees 
cold,  I  sent  a  thermometer  filled  with  oil  of  sassafras,  and  two  others  wi 
spirits  of  wine.  One  of  these  last  was  filled  with  the  highest  rectified  spir 
I  could  procure,  its  specific  gravity  at  bo''  of  heat  being  ,8185 ;  the  otl 
was  intended  to  be  filled  N^-ith  common  spirits,  though  from  circumstan< 
I  am  inclined  to  suspect  that  also  to  have  been  filled  with  the  best  spiri 
Besides  these,  there  was  sent  a  mercurial  thermometer,  accurately  adjust 
according  to  the  directions  of  the  Committee  of  the  Royal  Society,  prini 
in  the  LXVIIth  volume  of  the  Transactions)  and  also  the  two  spirit  th 
mometers  used  by  Mr.  Hutchins,  which  were  filled  with  spirits  wh 
specific  gravity  was  ,8247. 

5.  These  thermometers  were  compared  together  by  exposing  them 
the  cold,  with  their  balls  immerst»d  in  a  glass  vessel  filled  with  diluted 
of  vitriol.  They  were  at  times  also  compared  in  cold  more  violent  tl 
the  natural  cold  of  the  climate,  by  adding  snow  to  the  acid  in  which  ti 
were  tried,  in  which  case  care  was  taken  to  keep  the  mixture  frequer 
stirred.  Oil  of  vitriol  was  recommended  for  this  purpose,  as  a  fluid  wl 
would  most  likely  lx»ar  any  degree  of  cold  >\ithout  freezing,  and  wh 
natural  cold  might  be  much  increased  by  the  addition  of  snow.  It  se< 
to  have  answered  the  purpose  ver>'  well,  and  not  to  have  been  attem 
with  anv  inconvenience. 

During  the  first  comparison  of  these  thermometers,  a  ^^hitish  glob 
such  as  those  which  appt^ar  in  frozen  oil,  was  observed  in  the  tube  of 
thermometer  filled  with  oil  of  siissafras.  This  appearance  of  congelal 
did  not  much  incR-asi^ :  but  two  liays  after  a  large  air  bubble  was  foun< 
its  ball,  which  prevented  Mr.  M'  Nab  from  making  further  observatj 
with  it. 

It  is  well  known,  that  spirit  of  wine  exjxinds  more  by  a  given  numbc 
degnvs  of  a  mercuriiU  thermometer  in  warm  temperatures  than  in  i 
ones:  and  this  ineqiuUity.  as  might  be  e.xpected,  was  less  in  the  stroi 
spirit  than  in  the  weaker,  but  the  difference  was  inconsiderable.  The  o 
s;iss;ifras  also  had  simie  of  this  inequality,  but  much  less.  It  Yiom 
apjx^ars  to  U*  by  no  means  a  projxT  fluid  for  filling  thennometeTS  ^ 
No  apjxwrana^  was  obsiTvtxi  which  indicates  any  consideralde  irregula 
in  the  contraction  of  spirits  of  wine  in  intense  cold,  or  irfii^h  zendei 
probiible,  that  thermometers  filled  thereviith  could  be  sunk  fay  a  T»wy 
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of  snow  and  spirit  of  nitre  to  a  degree  near  approaching  to  that  men- 
tioned by  Professor  Braun. 

6,  Mr.  M'^Nab  in  his  experiments  sometimes  used  one  thermometer 
and  sometimes  another;  but  in  the  following  pages  I  have  reduced  all  the 
observations  to  the  same  standard;  namely,  in  degrees  of  cold  less  than 
that  of  freezing  mercury  I  have  set  down  that  degree  which  would  have 
been  shewn  by  the  mercurial  thermometer  in  the  same  circumstances;  but 
as  that  could  not  have  been  done  in  greater  degrees  of  cold,  as  the  mercuriaJ 
thermometer  then  becomes  of  no  use,  I  found  how  much  lower  the  mer- 
curial thermometer  stood  at  its  freezing  point,  than  each  of  the  spirit 
thermometers,  and  increased  the  cold  shewn  by  the  latter  by  that  differ- 
ence. 

On  the  common  and  dephlogisticated  Acids  of  Nitre. 

The  following  experiments  shew,  that  both  these  acids  are  capable  of 
a  kind  of  congelation,  in  which  the  whole,  and  not  merely  the  watery  part. 
freezes.  Their  freezing  point  also  differs  greatly  according  to  the  strength, 
and  varies  according  to  a  very  unexpected  law.  Like  water  too  they  bear 
being  cooled  very  much  below  their  freezing  point  before  the  congelation 
begins,  and  as  soon  as  that  takes  place,  immediately  rise  up  to  the  freezing 
point. 

7.  On  the  morning  of  Feb.  i  the  common  and  dephlogisticated  spirits 
of  nitre,  No.  142  and  141,  whose  specific  gravities  were  1,4043  and  1,4033, 
were  found  clear  and  fluid,  the  cold  of  the  air  at  that  time  being  —  47". 
They  also  bore  being  shook  without  any  alteration;  but  on  taking  out 
their  stoppers,  both  of  them  in  a  few  minutes  began  to  freeze,  the  con- 
gelation beginning  by  a  white  appearance  at  top.  which  gradually  spread 
to  the  bottom ;  and  they  became  so  thick  as  not  to  move  on  inclining  the 
phial.  For  want  of  a  thermometer  whose  ball  reached  far  enough  below  its 
scale,  Mr.  M^Nab  was  not  able  to  determine  their  cold  while  in  the  bottle; 
but  in  somewhat  more  than  an  hour's  time,  the  frozen  acid  had  so  much 
subsided  as  to  admit  of  his  pouring  a  little  fluid  matter  out  of  each  into  a 
glass  with  a  thermometer  in  it ' ;  whereby  the  cold  of  the  common  spirit  of 
nitre  was  found  to  be  -  .^I'J,  and  that  of  the  dephlogisticated  acid  -  30°, 
the  temperature  of  the  air  being  -  41°.  Each  of  these  decanted  liquors, 
at  the  time  their  temperature  was  tried,  was  full  of  small  spicula  of  ice ; 
they  were  then  put  into  phials  well  stopped,  and  they,  as  well  as  the  un- 
decanted  liquors,  sent  home  to  be  examined.  The  decanted  part  of  the 
common  spirit  of  nitre  dissolved  ,535  of  its  weight  of  marble,  and  the  un- 

'  It  may  be  asked,  why  it  was  more  possible  to  decant  any  liquor  at  this  time 
than  at  first,  as  the  acid  was  aJI  the  while  exposed  to  a  cold  much  below  the  freezing 
point?  The  reason  in  all  probability  is,  not  that  any  part  of  the  ice  first  fonned 
dissolved,  but  that  the  small  filaments  into  which  it  shot  collected  together,  and  in 
some  measure  subsided  to  the  bottom; 
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decanted  part  ,523;  for  which  reason  I  shall  call  the  strength  of  the  form 
,535,  and  that  of  the  latter  ,523;  which  mode  of  reckoning  is  observed 
the  remainder  of  this  Paper.  The  strength  of  the  decanted  paxt  of  the  d 
phlogisticated  acid  was  ,56,  and  that  of  the  undecanted  part  ,528;  so  th; 
it  appears  that  in  each  of  thes(»  acids  the  unfrozen  part  was  a  little  strong 
than  the  frozen  part.  It  is  remarkable,  that  in  the  common  spirit  of  nitr 
the  decanted  part,  though  stronger  than  the  other,  was  paler  coloured  ar 
less  fuming. 

8.  On  Dec.  21,  the  temptTature  of  the  air  being  —  28°,  some  dephlogi 
ticated  spirit  of  nitre  (No.  zj),  of  nearly  the  same  strength  as  the  form< 
acid,  was  poured  into  a  jar,  in  order  to  Ixi  diluted  wth  snow,  as  recon 
mended  in  Art.  2.  Immediately  after  it  was  decanted,  it  began  to  freez 
in  the  same  manner  as  before  descTibed,  except  that  a  less  portion  of 
seems  to  have  congealed:  its  temjKTature,  tried  by  dipping  a  thermometi 
into  it,  was  —  19°,  where  it  remained  stationary  for  many  minutes;  it  w 
then  diluted  with  snow,  as  will  lx»  mentioned  in  Art.  14,  whereby  i 
strength  was  reduced  to  ,434. 

9.  On  Dec.  29th,  this  diluted  acid  was  completely  melted,  and  half 
it  poured  into  a  jar  with  a  ground  stopper,  and  both  p>ortions  exposed  1 
the  air.  In  the  morning  they  were  ix-rfectly  fluid ;  but  on  taking  the  stopp 
out  of  the  jar,  and  dipping  in  it  a  tluTmonieter,  the  acid  immediately  froz 
beginning  by  forming  a  white*  coat  round  the  ball  of  the  thermomete 

i  which  gradually  spread  through  the  whole  fluid;  and  at  the  same  time  tl 

thermometer  rose  till  it  stood  stationary  at  -  5**.  The  cold  of  the  ac 
before  it  began  to  freeze  must  ha\-e  lx»en  about  —  30° J,  that  being  tl 
temperature  of  a  glass  of  vitriolic  acid  standing  near  it;  but  the  the 
mometer  which  was  dippi-d  into  it  was  five  or  six  degrees  colder,  whic 
seems  to  be  the  cause  of  the  congelation  beginning  round  the  ball. 

In  the  afternoon  a  thermometer  was  dipjxid  into  the  other  half  of  tl 
acid,  where,  as  the  weather  had  grown  less  cold,  it  stood  above  a  minute  j 
—  25°,  without  freezing;  then,  howt*\er,  the  acid  froze,  with  the  san 
appearance  as  in  the  morning,  and  at  the  same  time  the  thermometer  ro 
to  —  4°,  and  became  stationary. 

This  acid,  being  left  in  the  air  with  the  thermometer  in  it,  was  foimd  i 
the  evening  at  —  45°;  it  however  was  not  intirely  frozen,  being  only  thic 
as  an  unguent,  which  shews  that  the  unfrozen  part  must  have  been  of 
different  strength  from  the  frozen  part ;  but  it  does  not  appear  wheth< 
Uronger  or  weaker.  The  next  morning  it  was  frozen  solid,  though  the  cd 
^'as  only  half  a  degree  greater.  On  Jan.  lOth,  this  acid  was  again  tried  i 
the  same  manner;  it  then  suffered  a  thermometer,  whose  ball  had  be€ 
previously  warmed  in  the  hand,  to  Ixf  dipjx'd  into  it,  and  remain  thei 
several  minutes  without  freezing,  though  its  temperature  was  —  35°,  Bi 
on  lifting  up  the  thermometer,  a  drop  fell  from  its  ball  into  the  acid  whic 
immediately  set  it  a  freezing,  and  it  rose  up  to  —  4**|. 
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10.  On  Dec.  22d,  the  spirit  of  nitre  (No.  168)  which  a  few  days  before 
had  been  diluted  with  snow,  so  as  to  be  reduced  lo  the  strength  of  ,411, 
was  divided  into  two  equal  parts,  and  exposed  to  the  cold.  On  Dec.  29th. 
when  the  temperature  of  the  air  was  —  17°!,  one  of  these  parts  was  found 
beginning  to  freeze;  the  other  was  fluid,  but  began  to  freeze  on  dipping  in 
a  thermometer;  the  thermometer  in  both  kept  stationary  at  -  i°i.  The 
latter  was  twice  re-melted  and  exposed  to  the  cold,  and  both  times  the 
temperature  of  the  frozen  acid  came  out  the  same  as  before. 

11.  The  white  colour  of  the  ice  in  these  experiments  seems  owing  only 
to  its  consisting  of  very  slender  filaments ;  for  in  some  cases,  where  it  froze 
slower,  and  where,  in  consequence,  it  shot  into  larger  solid  masses,  they 
were  transparent,  and  of  the  same  colour  as  the  acid  itself.  By  the  con- 
tinuance of  a  sufiicient  cold,  the  acid,  which  by  hasty  freezing  put  on  the 
white  appearance,  would  become  hard  solid  ice,  but  yet  still  retained  its 
white  appearance,  owing  perhaps  to  the  filaments  first  shot  consisting  of 
an  acid  differing  in  strength  from  that  which  froze  afterwards,  and  filled 
up  the  interstices. 

In  all  these  experiments,  whether  the  ice  was  formed  into  minute 
filaments  or  solid  masses,  still,  whenever  there  was  a  sufficient  quantity 
of  fluid  matter  to  admit  of  it.  they  constantly  subsided  to  the  bottom;  a 
proof  that  the  frozen  part  was  heavier  than  the  unfrozen.  The  difference 
indeed  is  so  great,  that  in  one  case  where  it  froze  into  solid  crystals  on  the 
surface,  these  crystals,  when  detached  by  agitation,  fell  with  force  enough 
to  make  a  tinkling  noise  against  the  bottom  of  the  glass. 

These  acids  contract  very  much  on  freezing.  Whenever  the  acid  is 
frozen  solid,  the  surface,  instead  of  being  elevated  in  ridges,  like  frozen 
water,  is  depressed  and  full  of  cracks.  In  one  experiment  Mr.  M^Nab, 
after  a  glass  almost  full  of  acid  was  nearly  frozen,  filled  it  to  the  brim  with 
fresh  acid ;  and  then,  after  it  was  completely  frozen,  the  surface  was  visibly 
depressed,  with  fissures  one-eighth  of  an  inch  broad,  extending  from  top 
to  bottom.  It  is  this  contraction  of  the  acid  in  freezing  which  makes  the 
frozen  part  subside  in  the  fluid  part ;  as  it  was  found,  in  the  undiluted  acid, 
that  the  latter  consisted  of  a  stronger,  and  consequently  heavier,  acid  than 
the  former.  But  still  the  subsidence  of  the  frozen  part  shews,  that  the  ice 
is  not  mere  water,  or  even  a  very  dilute  acid;  which  indeed  was  proved  by 
the  examination  of  the  liquors  sent  home. 

The  ninth  and  tenth  articles  shew,  that  though  the  acids  bear  being 
cooled  greatly  below  the  freezing  point,  without  any  congelation  taking 
place,  yet  as  soon  as  they  begin  to  freeze  they  immediately  rise  up  to  their 
freezing  point;  and  this  point  is  always  very  nearly,  if  not  exactly,  the 
same  in  the  same  acid ;  for  those  acids  were  frozen  and  melted  again  three 
or  four  times,  and  were  cooled  considerably  more  below  the  freezing  point 
in  one  trial  than  another,  and  yet  as  soon  as  they  began  to  freeze  the  ther- 
mometer immersed  in  them  constantly  rose  nearly  to  the  same  point. 
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The  quantity  which  these  acids  will  bear  being  cooled  below  tfe 
freezing  point,  without  freezing,  is  remarkable.  The  diluted  spirit  of  nitre 
whose  freezing  point  is  —  i°^,  once  bore  being  cooled  to  near  —  39°,  with 
out  freezing,  that  is,  near  37  degrees  below  its  freezing  point.  The  dilutee 
dephlogisticated  spirit  of  nitre,  whose  freezing  i>oint  is  —  5®,  bore  coohnj 
to  —  35°;  and  the  dephlogisticated  spirit  of  nitre  (141)  whose  true  freezini 
point  is  most  Hkely  —  19°  [see  next  article)  bore  being  cooled  to  —  49^ 
perhaps  too  they  might  have  born  to  be  cooled  considerably  lower  withou 
freezing,  but  how  much  does  not  appear.  It  must  be  observed,  however 
that  the  same  diluted  spirit  which  at  one  time  bore  being  cooled  to  —  39' 
at  another  froze,  without  any  apparent  cause,  when  its  cold  was  certaini] 
less  than  —  30°,  and  most  likely  not  much  below  —  i8**. 

12.  The  freezing  point  differs  remarkably,  according  to  the  strengtl 
of  the  acid.  In  the  diluted  dephlogisticated  and  common  spirit  of  Art. 
and  8,  the  freezing  point  was  —  5°  and  -  i°i .  In  the  dephlogisticated  an< 
common  spirit  of  Art.  5  the  decanted  parts  of  which  were  stronger  than  th 
foregoing  in  scarcely  so  great  a  proportion  as  that  of  four  to  three,  i 
seemed  to  be  —  30°  and  —  31°^.  It  may  indeed  be  suspected,  that  as  thi 
point  was  determined  only  by  jx)uring  a  small  quantity  of  the  acid  into 
glass,  at  a  time  when  the  air  and  glass  were  much  colder  than  the  adc 
these  decanted  liquors  might  be  cooled  by  the  air  and  glass,  and  thereb 
make  the  freezing  point  appear  lower  than  it  really  was:  but  I  do  nc 
think  this  could  be  the  case ;  for  as  the  decanted  liquors  were  full  of  sma 
filaments  of  ice,  they  could  hardly  be  cooled  sensibly  below  their  freezin 
points  without  freezing;  and  any  cold,  commimicated  to  them  by  the  ai 
or  glass,  would  serve  only  to  convert  more  of  them  into  ice,  withou 
sensibly  increasing  their  cold :  so  that  I  think  this  experiment  determine 
the  true  freezing  point  of  their  decanted  part;  but  it  must  be  observed 
that  as  the  decanted  part  was  rather  stronger  than  the  rest,  it  is  ver 
possible  that  the  freezing  point  of  the  undecanted  part  might  be  consider 
ably  less  cold. 

A  circumstance  which  might  incline  one  to  think,  that  the  way  b] 
which  the  freezing  point  was  determined  in  this  experiment  is  defective 
is,  that  the  freezing  point  of  the  dephlogisticated  add  No.  27,  thougl 
nearly  of  the  same  strength  as  that  last  mentioned,  but  rather  stronger 
was  much  less  low,  being  only  -  19*".  But  I  have  little  doubt  that  th< 
true  reason  of  this  is,  that  in  the  former  acid  the  strength  of  the  decantec 
part,  which  is  the  part  whose  freezing  point  was  tried,  was  found  to  be  a 
least  ^jy  greater  than  that  of  the  whole  mass;  whereas  in  No.  27  the  fluic 
part  was  in  all  probability  not  sensibly  stronger  than  the  whole  mass;  fo 
as  No.  27  was  cooled  only  seven  degrees  below  the  freezing  point,  and  it 
temperature  was  tried  soon  after  its  beginning  to  freeze,  not  much  of  tb 
acid  could  have  frozen ;  whereas  the  other  was  cooled  15  degrees  below  it 
freezing  point,  and  was  exposed  for  an  hour  or  two  to  an  air  not  much  lea 
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cold,  in  consequence  of  which  a  considerable  part  of  the  acid  must  have 
frozen;  so  that  in  all  probability  the  acid,  whose  freezing  point  was  found 
to  be  —  30°,  was  in  reality  ^  part  stronger  than  that  whose  freezing  point 
was  -  19°. 

If  this  reasoning  be  just,  the  freezing  point  of  these  acids  is  as  follows : 

Freeiing  point 

(.56 

Dephlogisticated  spirit  of  nitre,  whose  strength  =  J  ,53 
1^37 


Common  spirit  of  nitre,  whose  strength 


.54 
.4" 


-30 
-19 
-4l 
-3ii 
-    li 


On  the  PhjBnomena  observed  on  mixing  Snow  with  these  Acids. 

13.  On  Dec.  13,  snow  was  added  to  the  spirit  of  nitre  No.  16S,  as  re- 
commended in  Art.  z.  The  snow  was  put  in  very  gradually,  and  time  was 
taken  to  find  what  effect  each  addition  had  on  the  thermometer  and 
mixture,  before  more  was  added.  The  temperature  of  the  acid  before  the 
mixture  was  —  27°,  and  each  addition  of  snow  raised  the  thermometer  a 
little,  till  it  rose  to  -  i°i;  after  which  the  next  addition  made  it  sink  to 
—  2°,  which  sliewed  that  sufficient  snow  had  then  been  added.  The  quantity 
of  snow  used  was  pretty  exactly  7%  of  the  weight  of  the  acid,  the  weight  of 
the  acid  being  13  oz.  so  that  the  strength  of  the  diluted  acid  was  reduced 
to  ,411. 

The  acid  before  the  addition  of  snow  had  no  signs  of  freezing,  its 
temperature  being  in  all  probability  much  above  its  freezing  point ;  yet 
the  snow  did  not  appear  to  dissolve,  but  formed  thin  white  cakes,  which 
however  did  not  float  on  the  surface,  but  fell  to  the  bottom,  and  when 
broke  by  the  spalula  formed  a  gritty  sediment;  so  that  it  appears,  that 
these  cakes  are  not  simply  undissolved  snow,  but  that  the  adjoining  acid 
absorbed  so  much  of  the  snow  in  contact  with  it.  as  to  become  diluted 
sufficiently  to  freeze  with  that  degree  of  cold,  and  then  congealed  into  these 
cakes.  The  quantity  of  congealed  matter  seems  to  have  kept  increasing 
till  the  end  of  the  experiment. 

14.  On  Dec.  21,  an  experiment  was  made  in  the  same  manner  with  the 
dephlogisticated  spirit  of  nitre  No.  27.  The  acid  began  to  freeze  in  pouring 
it  into  the  jar  in  which  the  mixture  was  to  be  made,  and  stood  stationary 
there  at  —  19°,  as  related  in  Art.  6;  so  that  the  liquor  at  the  beginning  of 
the  experiment  was  white  and  thick,  which  made  the  effect  of  the  addition 
of  the  snow  less  sensible.  However,  the  congealed  matter  constantly  sub- 
sided to  the  bottom,  and  the  quantity  seems  to  have  continued  increasing 
to  the  end  of  the  experiment.  The  heat  of  the  mixture  rose  to  —  4°  before 
cold  began  to  be  produced,  and  the  quantity  of  snow  added  was  -^^  of  that 
of  the  acid,  so  that  the  strength  of  theacid  wa  sreduced  to  ,437  by  the  dilution. 
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A  very  remarkable  circumstance  in  this  experiment  is,  that  the  acic 
while  the  snow  was  adding,  first  became  of  a  yellowish,  and  afterwards  c 
a  greenish  or  bluish  hue.  This  colour  did  not  go  off  by  standing,  but  cor 
tinned  at  least  ten  days,  during  which  time  the  acid  constantly  kept  tha 
colour,  except  when  by  hasty  freezing  it  shot  into  small  filaments,  in  whic 
case  it  put  on  the  white  appearance  which  these  acids  airways  assume 
under  those  circumstances;  but  once  that  by  gradual  freezing  it  shot  int 
transparent  ice,  this  ice  was  of  a  bluish  colour. 

It  is  difficult  to  conceive  what  this  colour  should  proceed  from.  Spir 
of  nitre  is  well  known  to  assume  this  colour  when  much  phlogisticated  an 
properly  diluted ;  but  one  does  not  see  why  it  should  become  phlogisticate 
by  the  addition  of  the  snow,  and  still  less  why  the  dephlogisticated  aci 
should  become  more  phlogisticated  thereby  than  the  common  acid  did 
for  though  it  is  not  extraordinary,  that  a  process  not  capable  of  producin 
any  increase  of  phlogistication  in  the  common  acid,  should  make  this  a 
much  phlogisticated  as  that,  yet  it  is  very  extraordinary  that  it  shoul< 
make  it  more  so.  No  notice  is  taken  of  any  effervescence  or  discharge  c 
air  while  it  was  assuming  this  colour,  nor  was  it  observed  that  it  becam 
more  smoking  thereby,  or  that  the  top  of  the  phial  in  which  it  was  kep 
became  full  of  red  fumes,  as  might  naturally  be  expected  if  it  was  rendere< 
much  phlogisticated.  These  are  circumstances  which,  considering  Mr 
M^Nab's  great  attention  to  set  down  all  the  phaenomena  that  occurred 
I  should  think  would  hardly  have  been  omitted  if  they  had  really  happened 

15.    It  is  remarkable,  that  in  both  these  experiments  the  addition  oi 
snow  produced  heat,  until  it  arrived  pretty  exactly  at  what  was  found  tc 
be  the  freezing  point  of  the  diluted  acid ;  but  that  as  soon  as  it  arrived  at 
S  '  that  point,  the  addition  of  more  snow  began  to  produce  cold.    This  can 

hardly  be  owing  merely  to  accident,  and  to  both  acids  having  happened  to 
be  of  that  precise  degret?  of  heat  before  the  experiment  began,  that  their 
heat  after  dilution  should  coincide  with  the  freezing  point  answering  to 
their  new  strength.  The  true  cause  seems  to  be  as  follows.  It  will  be  shewn 
in  Art.  16  and  17,  that  the  freezing  point  of  these  acids,  when  diluted  as 
in  the  foregoing  experiments,  is  much  less  cold  than  when  they  are  con- 
siderably more  diluted;  and  it  was  before  shewn  to  be  much  less  cold  than 
when  not  diluted;  so  that  there  must  be  a  certain  degree  of  strength,  not 
very  different  from  that  to  which  these  acids  were  reduced  by  dilution,  at 
which  they  freeze  wth  a  less  dt^gree  of  cold  than  when  they  are  either 
stronger  or  weaker.  Now  in  these  experiments,  the  temperature  of  the 
liquors  before  dilution  was  below  this  point  of  easiest  freezing,  and  a  great 
deal  of  the  acid  was  in  a  state  of  congelation  all  the  time  of  dilution;  the 
consequence  of  which  is,  that  when  they  were  diluted  to  the  strength  of 
easiest  freezing,  they  would  also  be  at  the  heat  of  easiest  freezing;  for  they 
could  not  be  below  that  point,  because,  if  they  were,  so  much  of  the  acid 
would  immediately  freeze  as  would  raise  them  up  to  it ;  and  they  could  not 
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be  above  it,  for,  if  they  were,  so  much  of  the  congealed  acid  would  dissolve 
as  would  sink  them  down  to  it.  After  they  were  arrived  at  this  strength 
of  easiest  freezing,  the  addition  of  more  snow  would  produce  cold,  unless 
this  strength  be  greater  than  that  at  wliich  the  addition  of  a  small  quantity 
of  snow  begins  to  produce  cold;  but  even  were  this  the  case,  heat  would 
not  be  produced,  but  the  temperature  of  the  acids  would  remain  stationary 
until  they  were  so  much  diluted  that  the  addition  of  more  snow  should 
produce  cold.  So  that,  in  either  case,  the  heat  of  the  acids,  at  the  time 
that  the  addition  of  fresh  snow  began  to  produce  cold,  must  be  that  of 
easiest  freezing ;  and  consequently,  as  this  heat  was  found  to  coincide  very 
nearly  with  the  freezing  point  of  these  acids,  after  dilution,  it  follows  that 
their  strengths  at  that  time  could  differ  very  little  from  the  strength  of 
easiest  freezing. 

If  the  temperature  of  the  liquors  at  the  beginning  of  the  experiment 
had  been  above  the  point  of  easiest  freezing,  none  of  the  acid  wouki  have 
congealed  during  the  dilution,  and  nothing  could  have  been  learnt  from 
the  experiment  relating  to  the  point  of  easiest  freezing ;  but  the  heat  would 
have  kept  increasing,  till  the  acid  was  diluted  to  that  degree  of  strength  at 
which  the  cold  produced  by  the  dissolving  of  the  snow  was  just  equal  to 
the  heat  produced  by  the  union  of  the  melted  snow  with  the  acid^;  after 
which  the  addition  of  more  snow  would  begin  to  produce  cold.  When 
I  recommended  this  method  of  finding  the  best  strength  of  spirit  of  nitre 
for  producing  cold,  by  the  addition  of  snow,  I  was  not  aware  of  any 
impediment  from  the  freezing  of  the  acid,  in  which  case  it  would  have  been 
a  very  proper  method ;  but  on  account  of  this  circumstance  it  can  hardly 
be  considered  as  such,  except  when  the  cold  of  the  acid  at  setting  out  is 
less  than  that  of  easiest  freezing. 

In  the  dephlogisticated  spirit  of  nitre  the  freezing  points  answering  to 
the  strength  of  ,434,  .53,  and  ,56,  were  said  to  be  -  4,°\,  -  19",  and  —  30°;- 
and  the  differences  of  —  30°  and  —  19°  from  —  4°}  are  to  each  other  very 
nearly  in  the  duplicate  ratio  of  ,126  and  ,096,  the  differences  of  the 
corresponding  strengths  from  ,434;  which,  as  ,434  is  the  strength  of  easiest 
freezing,  is  the  proportion  that  might  naturally  be  expected,  and  conse- 
quently serves  in  some  measure  to  confirm  the  reasoning  in  this  and  the 
I2fh  Article. 

id.  After  Mr.  M'=Nab  had  diluted  these  acids  as  above-mentioned,  he 
divided  each  of  them  into  two  parts,  and  tried  what  degree  of  cold  could 
be  produced  by  mixing  them  with  snow.  On  January  15th.  one  of  these 
parts  of  the  common  spirit  of  nitre  was  tried.  It  was  fluid  when  the  experi- 
ment began,  though  its  temperature,  as  well  as  that  of  the  snow,  was 
-  2i°\:  but  on  adding  snow  it  immediately  began  to  freeze,  and  grew 

'  In  the  experiment  related  in  my  observations  on  Mr,  Hutchins'a  Experiments, 
this  strength  was  rather  greater  than  that  of  easiest  freedng;  but  whether  it  is  so  in 
degrees  of  cxiid  exceeding  that  in  which  my  experiment  was  tried,  does  not  appear. 
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thick,  and  its  heat  increased  to  -  2°\\  but  by  the  addition  of  more  snow  i 
quickly  sunk  again,  and  at  last  got  to  -  43"" J .  During  the  addition  of  th 
snow,  the  mixture  grew  thinner,  and  by  the  time  it  arrived  at  nearty  th 
greatest  degree  of  cold,  consisted  visibly  of  three  parts:  the  lowest  pwirl 
which  consisted  of  frozen  acid,  was  white  and  felt  gritty;  the  upper  pari 
which  occupied  about  an  equal  space,  was  also  white,  but  felt  soft,  an< 
must  have  consisted  of  unmelted  snow;  the  other  part,  which  occupied  b; 
much  the  smallest  space,  was  clear  and  fluid.  The  quantity  of  snow  adde< 
was  about  -f^  of  the  weight  of  the  acid,  and  consequently  its  strengtl 
was  reduced  to  ,243. 

Though  snow  was  added  to  the  acid  in  this  experiment  as  long  as,  an( 
even  longer  than,  it  produced  any  increase  of  cold,  yet  some  days  after,  01 
adding  more  snow  to  the  mixture,  while  it  was  fluid,  and  of  the  temp^ratun 
of  —  40°! ,  the  cold  was  increased  to  —  44*^ J ,  or  i  degree  lower  than  before 
Mr.  M^Nab  did  not  perceive  the  snow  to  melt,  though  in  all  probability 
some  must  have  done  so,  or  no  cold  would  have  been  produced. 

The  cause  of  this  seems  to  be,  that  in  the  preceding  experiment  tb 
congealed  part  of  the  acid  was  stronger  than  the  fluid  part ;  so  that,  thougl 
the  fluid  part  was  not  strong  enough  to  dissolve  snow  in  a  cold  greater  thai 

—  43°i,  yet  the  whole  acid  together  was  strong  enough  to  do  it  in  a  col< 
one  degree  greater. 

A  circumstance  occurred  in  the  last  exjxjriment  which  I  cannot  at  al 
see  the  reason  of;  namely,  a  small  part  of  the  acid  being  poured  into  j 
saucer,  before  the  addition  of  the  snow,  it  was  in  an  hour's  time  change< 
into  solid  ice,  though  the  cold  of  the  air,  at  the  time  the  acid  was  poure< 
out,  was  only  -  41"^! ,  and  does  not  seem  to  have  increased  during  tb 
experiment. 

17.  On  December  30,  the  other  half  of  the  same  acid  had  been  tried  ii 
the  same  manner;  at  the  beginning  oi  the  experiment  not  more  than  one 
ninth  part  of  the  acid  was  fluid,  the  rest  solid  clear  ice;  its  temperature  wa 

—  34°i,  and  that  of  the  snow  nearly  thr  same;  the  greatest  degree  of  col< 
produced  was  -  42''| ;  and  the  quantity  of  snow  employed  was  about  one 
eighteenth  of  the  weight  of  the  acid ;  so  that  the  strength  of  the  mixtun 
was  ,38.  The  freezing  point  of  the  acid  thus  diluted  appears  to  be  aboui 

—  45° J;  for  by  the  increase  of  warmth  during  the  day-time,  most  of  th< 
congealed  matter  dissolved ;  but  in  the  evening  it  began  to  freeze  again 
so  as  to  become  thicker,  its  temperature  being  then  —  45** J;  and  the  nexl 
morning  it  was  frozen  solid,  its  cold  being  one  degree  greater. 

18.  On  December  12,  the  diluted  spirit  of  nitre  No.  139,  whose  strengtli 
was  ,175,  was  found  frozen,  its  temperature  being  —  17®,  The  fluid  partj 
which  was  full  of  thin  flakes  of  clear  ice,  and  was  of  the  consistence  oi 
syrup,  was  decanted  into  another  bottle,  and  sent  back.  Its  stiength  was 
,21,  and  was  greater  than  that  of  the  undecanted  part  in  the  proportiQa  ol 
,21  to  ,16;  so  that,  as  not  much  of  the  undecanted  part  was  really  000- 
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gealed,  the  frozen  part  of  the  acid  must  have  been  mucli  weaker  than  the 
rest,  if  not  mere  water.  Accordingly,  during  the  melting  of  the  undccanted 
part,  the  frozen  particles  swam  at  top.  Mr.  M'^Nab  added  snow  to  a  little 
of  the  decanted  liquor,  but  it  did  not  dissolve,  and  no  increase  of  cold  was 
produced. 

19.  From  these  experiments  it  appears,  that  spirit  of  nitre  is  subject 
to  two  kinds  of  congelation,  which  we  may  call  the  aqueous  and  spirituous; 
as  in  the  first  it  is  chiefly,  if  not  intireiy,  the  watery  part  which  freezes,  and 
in  the  latter  the  spirit  itself.  Accordingly,  when  the  spirit  is  cooled  to  the 
point  of  aqueous  congelation,  it  has  no  tendency  to  dissolve  snow  and 
produce  cold  thereby,  but  on  the  contrary  is  disposed  to  part  with  its  own 
water;  whereas  its  tendency  to  dissolve  snow  and  produce  cold,  is  by  no 
means  destroyed  by  being  cooled  to  the  point  of  spirituous  congelation,  or 
even  by  being  actually  congealed.  When  the  acid  is  excessively  dilute,  the 
point  of  aqueous  congelation  must  necessarily  be  very  little  below  that  of 
freezing  water;  when  the  strength  is  ,21,  it  is  at  —  17°,  and  at  the  strength 
of  ,243,  it  seems,  from  Art.  16  to  be  at  —  -t-l"!-  Spirit  of  nitre,  of  the  fore- 
going degrees  of  strength,  is  Uable  only  to  the  aqueous  congelation,  and  it 
is  only  in  greater  strengths  that  the  spirituous  congelation  can  take  place. 
This  seems  to  be  performed  with  the  least  degree  of  cold,  when  the  strength 
is  ,411,  in  which  case  the  freezingpoint  isat  -  i°\.  When  the  acid  is  either 
stronger  or  weaker,  it  requires  a  greater  degree  of  cold;  and  in  both  cases 
the  frozen  part  seems  to  approach  nearer  to  the  strength  of  ,411  than  the 
unfrozen  part;  it  certainly  does  so,  when  the  strength  is  greater  than  ,411, 
and  there  is  httle  doubt  but  what  it  does  so  in  the  other  case.  At  the 
strength  of  ,54  the  point  of  spirituous  congelation  is  -  31°^,  and  at  ,33 
probably  —  45°J;  at  least  one  kind  of  congelation  takes  place  at  that 
point,  and  there  is  little  doubt  but  that  it  is  of  the  spirituous  kind.  In 
order  to  present  this  matter  more  at  one  view,  I  have  added  the  following 
table  of  the  freezing  point  of  common  spirit  of  nitre  answering  to  different 
strengths. 


strength 
.54 


Freeang  point 

-3ii 
-    lil* 

-44J 


J  spirituous  congelation 


[■  aqueous  congelation 

•  The  point  of  easiest  freezing. 

20.  In  trying  the  first  half  of  the  dephlogisticated  spirit  of  nitre,  the 
cold  produced  was  —  44 "i .  The  acid  was  fiuid  before  the  addition  of  the 
snow,  and  of  the  temperature  of  —  30°,  but  froze  on  putting  in  the  ther- 
mometer, and  rose  to  —  g",  as  related  in  Art.  7. 

In  trying  the  second  part,  the  acid  was  about  0°  before  the  addition  of 
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the  snow,  and  therefore  had  no  disposition  to  freeze.   The  cold  produced 
was  —  42°  J . 

As  the  quantity  of  snow  added  in  these  experiments  was  not  observed, 
they  do  not  determine  any  points  of  aqueous  or  spirituous  congelation  in 
this  acid;  but  there  is  reason  to  think,  that  these  points  are  nearly  the 
same  as  those  of  common  spirit  of  nitre  of  the  same  strength,  as  the  cold 
produced  in  these  experiments  was  nearly  the  same  as  that  obtained  by 
the  common  spirit  of  nitre. 

On  the  Vitriolic  Acid. 

21.  On  December  12,  the  strong  oil  of  vitriol,  No.  151,  was  foimd  frozen, 
and  was  nearly  of  the  colour  and  consistence  of  hogs-lard.  Its  temperature, 
found  by  pressing  the  ball  of  a  thermometer  into  it,  was  —  15°,  and  that  of 
the  air  nearly  the  same;  but  in  the  night  it  had  been  exposed  to  a  cold  of 
—  33°.  It  dissolved  but  slowly  on  being  brought  into  a  warm  room,  and 
was  not  completely  melted  before  it  had  risen  to  +  20°,  and  even  then  was 
not  very  fluid,  but  of  a  syrupy  consistence.  During  the  progress  of  the 
melting,  the  congealed  part  simk  to  the  bottom,  as  in  spirit  of  nitre :  and 
many  air  bubbles  separated  from  the  acid,  which,  when  it  was  completely 
melted,  formed  a  little  froth  on  the  surface.  As  soon  as  it  was  sufl5ciently 
melted  to  admit  of  it,  which  was  not  till  it  had  risen  to  the  temj)erature  of 
-I-  10°,  the  fluid  part  was  decanted,  and  both  were  sent  home  to  be 
examined. 

It  is  remarkable,  that  the  frozen  part  did  not  intirely  dissolve  until  the 
temperature  was  so  much  increased.  This  would  incline  one  to  think,  that 
the  frozen  part  must  have  differed  in  some  respect  from  the  rest,  so  as  to 
require  much  less  cold  to  make  it  freeze;  but  yet  I  could  not  find  that  the 
strength  of  the  decanted  part  differed  sensibly  from  the  rest. 

It  apj)eared  by  another  bottle  of  oil  of  vitriol,  which  also  froze  by  the 
natural  cold  of  the  air,  that  this  acid,  as  well  as  the  nitrous,  contracts  in 
freezing. 

22.  On  December  21,  when  the  weather  was  at  —  30°,  the  vitriolic  acid 
No.  103.  was  diluted  with  snow,  as  directed  in  Art.  3.  The  snow  dissolved 
immediately,  and  no  signs  of  congelation  appeared  during  any  part  of  the 
process.  The  temperature  of  the  acid  rose  only  one  degree  before  it  began 
to  sink,  and  the  weight  of  the  snow  added  was  only  -^^  of  that  of  the  acid, 
so  that  its  strength  was  reduced  thereby  to  ,605 ;  which  is  therefore  the 
best  degree  of  strength  for  producing  cold  by  the  addition  of  snow,  when 
the  degree  of  cold  set  out  with  is  —  30*^.  This  strength  is  one-fifteenth  part 
less  than  what  I  found  myself,  by  a  similar  experiment,  when  the  tempera- 
ture of  the  acid  was  4-  27°;  which  shews,  that  the  best  degree  of  strength 
is  rather  less,  when  the  degree  of  cold  set  out  with  is  great  than  when  small, 
but  that  it  does  not  differ  much. 
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23,  The  acid  thus  diluted  was  divided  into  two  parts,  and  the  next  day 
Mr.  M'Nab  tried  what  degree  of  cold  coiild  be  produced  by  adding  snow 
to  one  ol  them.  The  temperature  of  the  air  at  the  time  was  —  39°,  and  the 
mixture  sunk  by  the  process  to  -  55°J.  The  snow  dissolved  readily,  and 
the  mixture  did  not  lose  much  of  its  fluidity  until  it  had  acquired  nearly  its 
greatest  degree  of  cold,  nor  did  any  congealed  matter  sink  to  the  bottom 
in  any  part  of  the  process.  The  quantity  of  snow  added  was  about  -^ 
of  the  weight  of  the  acid,  so  that  the  strength  of  the  mixture  was  about 
.325- 

24.  On  January  i,  thin  crystals  of  ice  were  found  diffused  all  through 
this  mixture,  the  temperature  of  the  air  being  -  $1°^,  but  that  of  the 
liquor  was  not  tried.  As  this  congelation  must  have  been  of  the  aqueous 
kind,  and  seems  to  have  taken  place  at  the  temperature  of  —  51°^,  it 
should  follow,  that  this  acid  had  no  power  of  dissolving  snow  in  a  cold  of 

-  5i°i;  so  that  it  docs  not  at  first  appear  why  a  cold  four  degrees  greater 
than  that  should  have  been  produced  in  the  foregoing  experiment.  The 
reason  is,  that  at  the  time  the  mixture  arrived  at  -  55°i ,  it  appeared  by 
the  diminution  of  its  fluidity  to  have  contained  some  undissolved  snow, 
and  some  more  was  added  to  it  after  that  time,  which  before  the  first  of 
January  dissolved  and  mixed  with  the  acid ;  so  that  the  acid  in  the  mixture, 
at  the  time  it  sunk  to  -  55°^ ,  was  not  quite  so  much  diluted  as  that  which 
froze  on  January  I.  This  is  the  reverse  of  what  happened  in  the  trial  of  the 
nitrous  acid  in  Art.  15.  as  in  that  experiment  the  fluid  part,  at  the  time  of 
the  greatest  cold,  was  weaker  than  the  whole  mixture  together;  but  it  must 
be  considered,  that  i/ial  mixture  contained  much  congealed  acid,  as  well  as 
undissolved  snow,  whereas  Ihis  contained  only  the  latter. 

25.  On  January  i,  snow  was  added  to  the  other  half  of  the  acid  diluted 
on  December  21.  The  cold  produced  was  much  greater  than  before,  namely 

—  68°J;  this  seems  to  have  proceeded,  partly  from  the  air  and  materials 
having  been  12  degrees  colder  in  this  than  in  the  former  experiment,  and 
partly  from  the  snow  having  been  added  faster,  so  that  the  mixture  arrived 
at  its  greatest  degree  of  cold  in  20',  whereas  it  before  took  up  46'.  Another 
reason  is,  that  the  former  mixture  was  made  in  too  small  a  jar,  in  conse- 
quence of  which  it  was  pom-ed  into  a  larger  beiore  the  experiment  was  com- 
pleted, whereby  some  cold  was  lost.  The  quantity  of  snow  used  in  this 
experiment  was  less  than  in  the  former,  so  that  the  strength  of  the  acid 
after  the  experiment  was  about  ,343.  The  mixture  also  grew  much  thicker, 
and  had  a  degree  of  elasticity  resembling  jelly ;  but  whether  this  was  owing 
only  to  more  snow  remaining  undissolved,  or  to  any  other  cause,  I  cannot 
tell. 

26,  Great  as  the  foregoing  degree  of  cold  is,  Mr.  M'Nab,  on  February  2, 
produced  one  much  greater.  In  hopes  of  obtaining  a  greater  degree  of  cold 
by  pre\iou5]y  cooling  the  materials,  he  cooled  about  seven  ounces  of  oil  of 
vitriol,  whose  strength  was  ,629,  that  is,  rather  stronger  than  the  fore- 
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going,  by  placing  the  jar  in  which  it  was  contained  in  a  freezing  mixture  of 
oil  of  vitriol  and  snow;  the  snow  intended  to  be  used  was  also  cooled  by 
placing  it  under  the  vessel  in  which  the  freezing  mixture  was  made.  As 
soon  as  the  acid  in  the  jar  was  cooled  to  the  temj)erature  of  —  57°i,  a  little 
of  the  snow  was  added,  on  which  it  immediately  began  to  freeze,  and  rose 
to  —  36°;  but  in  about  40  minutes,  as  the  jar  was  still  kept  in  the  freezing 
mixture,  it  simk  to  —  48"^ ;  by  which  time  it  was  grown  very  thick  and 
gritty,  especially  at  bottom.  More  of  the  cooled  snow  was  then  added, 
which  in  a  short  time  made  it  sink  to  —  78°^,  and  at  the  same  time  the 
thickness  and  tenacity  of  the  mixture  diminished ;  so  that  by  the  time  it 
arrived  at  the  greatest  degree  of  cold,  very  little  thickness  remained. 

It  is  wor4:h  inquiring,  what  was  the  reason  of  the  greater  degree  of  cold 
produced  in  this  than  in  the  preceding  experiment?  It  could  not  be  owing 
to  the  materials  being  colder;  for  at  the  time  of  the  second  addition  of 
snow,  at  which  time  the  experiment  may  be  considered  to  have  begun,  the 
acid  was  not  colder  than  at  the  beginning  of  the  preceding  experiment, 
and  the  snow  in  all  probability  not  much  colder.  It  could  not  be  owing 
neither  to  the  jar  having  been  kept  in  the  freezing  mixtiure:  for  though 
that  mixture  was  three  or  four  degrees  colder  than  the  air  in  the  preceding 
experiment,  yet  the  acid  in  the  jar,  before  it  acquired  much  addition  of 
cold,  would  be  robbed  of  its  cold  faster  by  the  mixture  than  it  would  by 
air  of  the  same  temperature  as  that  in  the  preceding  experiment.  Neither 
could  it  proceed  from  any  difference  in  the  strength  of  the  add;  for  what 
difference  there  was  must  have  done  more  hurt  than  good.  The  true  reason 
is,  that  the  acid  was  in  a  state  of  congelation:  for  as  the  congealed  add 
united  to  the  snow  and  became  fluid  by  the  union,  it  is  plain,  that  cold 
must  have  been  produced  both  by  the  melting  of  the  snow  and  by  that  of 
the  acid ;  whereas,  if  the  acid  had  been  in  a  fluid  state,  cold  would  have  been 
produced  only  by  the  first  cause,  and  consequently  a  greater  degree  of  cold 
should  be  produced  in  this  experiment  than  in  the  former.  The  only  in- 
convenience attending  the  acid  being  in  a  state  of  congelation  is,  that  in 
all  probability  it  does  not  unite  to  the  snow  so  readily  as  when  in  a  fluid 
state ;  but  the  difference  seems  not  material,  as  the  cold  was  produced,  and 
the  materials  melted,  in  5  minutes. 

27.  The  day  before,  Mr.  M^^Nab,  by  adding  snow  to  some  of  the  same 
acid  in  the  usual  manner,  when  the  cold  of  the  materials  was  —  46®,  pro- 
duced a  cold  of  only  —  66°. 

28.  In  these  four  last  experiments  the  add  was  reduced,  by  the 
addition  of  the  snow,  to  the  strengths  of  ,325,  ,343,  ,403,  and  ,334;  and 
the  cold  produced  in  them  was  before  said  to  be  —  55** J,  —  68° J,  —  78®^, 
and  —  66°;  whence  we  may  conclude,  that  these  are  nearly  the  points  of 
aqueous  congelation  answering  to  the  foregoing  strengths;  only  it  appears, 
from  what  was  said  in  Art.  24.  that  the  strengths  here  set  down  are  all 
them  rather  too  small. 
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Though  it  is  certain  that  oil  of  vitriol  is  capable  of  the  spirituous 
eongelation,  an4  though  it  appears,  both  from  the  foregoing  experiments 
and  from  some  made  by  the  Due  d'Ayen'  and  by  M.  de  Morveau',  that  it 
freezes  with  a  less  degree  of  cold  when  strong  than  when  much  diluted,  it 
is  not  certain  whether  it  has  any  point  of  easiest  freezing,  like  spirit  of 
nitre,  or  whether  the  cold  required  to  freeze  it  does  not  continually 
diminish  as  the  strength  increases,  without  limitation;  but  the  latter 
opinion  is  the  most  probable.  For  the  Due  d'Ayen's  and  M.  de  Morveau's 
acids,  which,  as  they  were  concentrated  on  purpose,  were  most  likely 
stronger  than  Mr.  M'^Nab's,  froze  with  a  cold  less  than  zero  of  Fahrenheit ; 
whereas  the  freezing  point  of  Mr.  IVf^Nab's  undiluted  acid,  whose  strength 
Was  ,98,  was  -  15°,  and  that  of  the  diluted  acid,  whose  strength  was  ,629, 
Was  —  36°;  and  when  the  acid  was  more  diluted,  it  was  found  to  bear  a 
nuch  greater  cold  without  freezing.  It  appears  also,  both  from  Art.  2r. 
and  from  M.  de  Morveau's  experiment,  that  during  the  congelation  of  the 
oil  of  vitriol,  some  separation  of  its  parts  takes  place,  so  that  the  congealed 
part  differs  in  some  respect  from  the  rest,  in  consequence  of  which  it 
freezes  with  a  less  degree  of  cold;  and  as  there  is  reason  to  think  from 
Art.  21.  that  these  two  parts  do  not  differ  much  in  strength,  it  seems  as  if 
the  difference  between  them  depended  on  some  less  ob\ious  quality,  and 
probably  on  that,  whatever  it  is,  which  forms  the  difference  between 
glacial  and  common  oil  of  vitriol.  The  oil  of  vitriol  prepared  from  green 
vitriol,  has  sometimes  been  obtained  in  such  a  state  as  to  remain  con- 
stantly congealed,  except  when  exposed  to  a  heat  considerably  greater 
than  that  of  the  atmosphere,  whence  it  acquired  its  name  of  glacial'.  It  is 
not  known  indeed  upon  what  this  property  depends,  but  it  is  certainly 
something  else  than  its  strength ;  for  oil  of  vitriol  of  this  kind  is  always 
smoking,  and  the  fumes  it  emits  are  particularly  oppressive  and  suffocating, 
though  very  different  from  those  of  the  volatile  sulphureous  acid.  On 
jecfification  likewise  it  yields,  with  the  gentlest  heat,  a  peculiar  concrete 
substance,  in  the  form  of  saline  crystals;  and  after  this  volatile  part  has 
beendri\en  off,  the  remainder  is  no  longer  smoking,  and  has  lost  its  glacial 
quality*. 

On  the  Mixture  of  Oil  of  Vitriol  and  Spirit  of  Nitre. 
29.    This  mixture  is  not  so  tit  for  producing  cold  by  the  addition  of 
snow,  as  oil  of  vitriol  alone;  for  the  cold  obtained  did  not  exceed  —  54°i, 
in  either  of  the  experiments  tried  with  it.  The  point  of  spirituous  congela- 
tion of  this  mixture,  when  diluted  with  somewhat  more  than  one-tenth  of 
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its  weight  of  water,  is  about  —  20°,  and  is  much  lower  when  the  acid  is 
considerably  more  diluted;  but  as  the  Society  will  most, likely  have  less 
curiosity  about  the  disposition  to  freeze  of  this  mixture  than  of  the  simple 
acids,  I  shall  spare  the  particulars. 

On  the  Spirit  of  Wine. 

30.  The  rectified  spirits  No.  8.  were  diluted  with  snow,  in  the  same 
manner  as  the  other  liquors;  but  were  foimd  not  to  want  any,  as  the  first 
and  only  addition  of  snow  produced  cold.  The  quantity  added  was  about 
^  of  the  weight  of  the  spirit. 

31.  The  spirit  thus  diluted  was  divided,  like  the  other  liquors,  into  two 
parts,  and  each  tried  separately.  The  first  was  at  —  45°,  before  the  addition 
of  the  snow,  and  was  simk  by  the  process  to  —  56°.  The  snow,  even  at  the 
first  addition,  did  not  dissolve  well,  so  that  the  spirit  immediately  became 
full  of  white  spots^,  and  grew  thick  by  the  time  it  arrived  at  its  greatest 
degree  of  cold.  After  standing  some  hours,  the  mixture  rose  to  the  tempera- 
ture of  —  39*^,  and  was  grown  clear,  but  yet  was  not  limpid,  but  of  the 
consistence  of  syrup.  No  cold  was  produced  by  adding  snow  to  it  in  that 
state,  though  it  appeared  that  its  point  of  aqueous  congelation  was  at 
least  6  degrees  lower  than  its  temj)erature  at  that  time*;  which  seems  to 
shew  that  spirit  of  wine  has  scarce  any  power  of  dissolving  snow  when  it 
wants  even  6  degrees  of  its  point  of  aqueous  congelation,  and  therefore  is 
another  instance  that  snow  is  dissolved  much  less  readily  by  spirit  of  wine 
than  by  the  nitrous  and  vitriolic  acids. 

32.  In  trying  the  other  part  of  the  diluted  spirits,  the  cold  produced 
was  only  —  47°^^ ,  the  cold  set  out  with  being  —  37°. 

33.  It  apj)eared  by  the  diluted  spirit  of  wine  No.  143.  which  on 
December  12  froze  by  the  natural  cold  of  the  atmosphere,  and  was  treated 
in  the  same  manner  as  the  diluted  spirit  of  nitre,  that  when  highly  rectified 
spirit  of  wine,  such  as  No.  8.  is  diluted  with  ij%  its  weight  of  water,  its 
point  of  aqueous  congelation  ^\ill  be  at  —  21°.  The  congealed  part  of  the 
spirit  was  white  like  diluted  milk,  and  even  the  decanted  part,  which  was 
full  of  thin  films  of  ice,  had  a  milky  hue.  The  fluid  part  was  stronger  than 
the  rest,  and  no  increase  of  cold  was  produced  by  adding  snow  to  some  of 
it,  both  of  which  are  marks  of  aqueous  congelation. 

Though  the  foregoing  experiments  confirm  the  truth  of  what  I  said, 
in  the  account  of  Mr.  Hutchins's  experiments,  concerning  the  cause  of  the 

*  This  was  not  the  case  durmg  the  above-mentioned  dilution  of  the  spirits;  but 
the  cold  was  16  degrees  less  in  that  experiment  than  in  this. 

•  On  account  of  the  dilution  which  the  spirits  suffered  by  the  melting  of  the 
snow  which  remained  undissolved  at  the  time  of  the  greatest  cold,  its  point  of 
aqueous  congelation  was  no  longer  so  low  as  -  56®;  but  it  still  was  not  less  than 
-  45° J,  as  in  the  evening  it  was  found  at  that  temperature,  without  much  congealed 

matter  in  it. 
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cold  produced  by  mixing  snow  with  different  liquors,  and  intirely  clear  up 
the  difficulty  relating  to  it  which  I  mentioned  in  Art.  i,,  yet  several  ques- 
tions may  naturally  occur;  such  as,  why  the  cold  produced  by  the  oil  of 
vitriol  was  so  much  greater  than  that  obtained  by  the  spirit  of  nitre,  not- 
withstanding that  in  warmer  climates  the  nitrous  acid  seems  to  produce 
more  cold?  and  why  the  cold  produced  by  the  nitrous  acid,  notwithstanding 
its  previous  dilution,  which  might  naturally  be  expected  to  be  of  service, 
was  not  greater  than  has  been  obtained  by  other  persons  without  that  pre- 
caution? But  as  this  would  lead  me  into  disquisitions  of  considerable 
length,  without  my  being  able  to  say  any  thing  very  satisfactory  on  the 
subject,  I  shall  forbear  entering  into  it.  I  will  only  observe,  that  in  most 
of  the  foregoing  experiments,  Mr.  M'^Nab  would  probably  have  produced 
more  cold,  if  he  had  added  the  snow  faster.  We  ought  not.  however,  to 
regret  that  he  did  not,  as  its  effects  on  the  acids  would  then  have  been  less 
sensible. 

The  natural  cold,  when  these  experiments  were  made,  is  remarkable; 
as  there  were  at  least  nine  mornings  in  which  the  cold  was  not  less  than 
that  of  freezing  mercury;  four  in  which  it  was  at  least  eight  degrees  l>elow 
that  point,  or  —  47°;  and  one  in  which  it  was  —  50°.  Whereas  out  of  nine 
winters,  during  which  Mr.  Hutchins  observed  the  thermometer  at  Albany 
Fort,  there  were  only  twelve  days  in  which  the  cold  was  equal  to  that  of 
freezing  mercury,  and  the  greatest  cold  seems  to  have  been  —  45°.  I  cannot 
leam  whether  the  last  winter  was  more  severe  than  usual  at  Hudson's  Bay ; 
or  whether  Henley-House  is  a  colder  situation  than  Albany,  which  may 
perhaps  be  the  case;  for  though  it  is  only  130  miles  distant  from  it,  yet 
it  stands  inland,  and  to  the  W.  or  S.W.  of  it,  which  is  the  quarter  from 
which  the  coldest  winds  blow. 


4 


Mr.  M'Nab's  original  account  of  the  experiments  which  furnished  the 
materials  of  this  Paper,  having  been  thought  too  long  to  be  printed  in 
detail,  is  deposited  in  the  Archives  of  the  Society. 
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r  ROM  the  experiments  made  by  Mr.  M^Nab,  of  which  I  gave  an  account 
in  the  LXXVIth  Volume  of  the  Philosophical  Transactions,  p.  241.  it 
appeared,  that  spirit  of  nitre  was  subject,  not  only  to  what  I  call  the 
aqueous  congelation,  namely,  that  in  which  it  is  chiefly,  and  perhaps 
intirely,  the  watery  part  which  freezes,  but  also  to  another  kind,  in  which 
the  acid  itself  freezes,  and  which  I  call  the  spirituous  congelation.  When 
its  strength  is  such  as  not  to  dissolve  so  much  as  y^  of  its  weight  of 
marble,  or  when  its  strength  is  less  than  ,243,  as  I  call  it  for  shortness,  it 
is  liable  to  the  aqueous  congelation  solely ;  and  it  is  only  in  greater  strengths 
that  the  spirituous  congelation  can  take  place.  This  seems  to  be  per- 
formed with  the  least  degree  of  cold  when  the  strength  is  ,411,  in  which 
case  the  freezing  point  is  at  —  i°J^.  When  the  acid  is  either  stronger  or 
weaker,  it  requires  a  greater  degree  of  cold ;  and  in  both  cases  the  frozen 
part  seems  to  approach  nearer  to  the  strength  of  ,411  than  the  im frozen 
part.  The  freezing  points,  answering  to  different  degrees  of  strength, 
seemed  to  be  as  follows. 

Freezing 
Strength  point 

,54  -  3ii 

,411  -    iJ 

.38  -  45i  ) 

,243  —  44J  "i  aqueous  congelation 

,21  -17    J 

As  some  of  these  properties,  however,  were  deduced  from  reasoning  not 
sufficiently  easy  to  strike  the  generality  of  readers  with  much  conviction, 
Mr.  M*^Nab  was  desired  to  try  some  more  experiments  to  ascertain  the 
truth  of  it ;  which  he  was  so  good  as  to  undertake,  and  has  executed  them 
with  the  same  care  and  accuracy  as  the  former. 


'  spirituous  congelation 


On  the  Freezing  of  Acids  aij 

For  this  purpose.  I  sent  him  some  bottles  of  spirit  of  nitre  of  different 
strengths,  and  he  was  desired  to  expose  each  of  these  liquors  to  the  cold 
till  they  froze;  then  to  try  their  temperature  by  a  thermometer;  afterwards 
to  keep  them  in  a  warm  room  till  the  ice  was  almost  melted,  and  then 
again  expose  them  to  the  cold,  and,  when  a  considerable  part  of  the  acid 
had  frozen,  to  try  the  temperature  a  second  time;  then  to  decant  the  un- 
frozen part  into  another  bottle,  and  send  both  parts  back  to  England,  that 
their  strength  might  be  examined. 

The  intent  of  this  second  exposure  to  the  cold  was  as  follows.  Spirit  of 
nitre  bears,  like  other  liquors,  to  be  cooled  greatly  below  its  freezing  point 
without  freezing;  then  the  congelation  begins  suddenly;  the  liquor  is  filled 
with  fine  spicula  of  frozen  matter,  and  the  ice  becomes  so  loose  and  porous, 
that,  if  the  process  be  continued  long  enough  for  a  considerable  portion  of 
the  acid  to  congeal,  scarce  any  of  the  fluid  part  can  be  decanted:  whereas, 
if  it  be  heated  in  this  state  till  the  frozen  part  is  almost,  but  not  intirely, 
melted,  and  be  again  exposed  to  the  cold,  as  the  liquor  is  then  in 
contact  with  the  congealed  matter,  it  begins  to  freeze  as  soon  as  it 
arrives  at  the  freezing  point,  and  the  ice  becomes  much  more  solid  and 
compact. 

The  intent  of  decanting  the  fluid  part,  and  sending  both  parts  back, 
that  their  strength  might  be  determined,  was  partly  to  examine  the  truth 
of  the  supposition  laid  down  in  my  former  Paf)er,  that  the  strength  of  the 
frozen  part  approaches  nearer  to  ,411  than  that  of  the  unfrozen;  but  it  is 
also  a  necessary  step  towards  determining  the  freezing  point  answering  to 
a  given  strength  of  the  acid ;  for  as  the  frozen  part  is  commonly  of  a  differ- 
ent strength  from  the  unfrozen,  the  strength  of  the  fluid  part,  and  the  cold 
necessary  to  make  it  freeze,  is  continually  altering  during  the  progress  of 
the  congelation.  In  consequence  of  this,  the  temperature  of  the  liquor  is 
not  that  with  which  the  frozen  part  congealed ;  but  it  is  that  necessary  to 
make  the  remainder,  or  the  fluid  part,  begin  to  freeze,  or,  in  other  words,  it 
is  the  freezing  point  of  the  fluid  part.  This  is  the  reason  that  a  thermo- 
meter, placed  in  spirit  of  nitre,  continually  sinks  during  the  progress  of 
congelation ;  which  is  contrary  to  what  is  observed  in  pure  water,  and  other 
fluids  in  which  no  separation  of  parts  is  produced  by  freezing. 

Moreover,  from  the  above-mentioned  experiments  of  Mr.  M^Nab  it 
appeared,  that  oil  of  vitriol,  as  well  as  spirit  of  nitre,  is  subject  to  the 
spirituous  congelation;  but  it  seemed  uncertain,  whether,  like  the  latter, 
it  had  any  point  of  easiest  freezing,  or  whether  it  did  not  uniformly  freeze 
with  less  cold  as  the  strength  increased.  For  this  reason,  some  bottles  of 
oil  of  vitriol,  of  different  strengths,  were  sent,  which  he  was  desired  to  try 
in  the  same  manner  as  the  former.  This  point,  indeed,  has  since  been 
determined  by  Mr.  Keir,  who  has  shewn  that  oil  of  vitriol  has  a  strength 
of  easiest  freezing;  and  tliat  at  that  point  a  remarkably  slight  degree  of 
cold  is  suflicient  for  its  congelation. 
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The  result  of  Mr.  M*^Nab's  experiments  on  the  nitrous  acid  is  given  in 
the  following  table. 


Decanted 

part 
;trength 

Undecan 

ted  part 

• 

Strength 

strength 
of  the 
whole 
mass 

strength 

before 

sent 

Freezing 

point 

by  first 

method 

Freezing 

point  by 

second 

No. 

Quantity  S 

Quantity 

method 

6 

,561 

-41,6 

\^ 

7 

1410 

,445 

2137 

,435 

.439 

.437 

+  *i.7 

-  3.8 

8 

1658 

,390 

1940 

,422 

.407 

.408 

-   3.5 

-  4 

9 

1368 

,353 

2438 

,416 

.393 

.391 

-   4.5 

—  II 

lO 

2206 

,343 

1920 

,373 

.357 

.357 

-12.5 

-13.8 

II 

3620 

,310 

602 

,381 

.320 

.320 

-22,5 

-23 

12 

2155 

,276 

1494 

,293 

.283 

,280 

-39.1 

-40.3 

13 

1618 

,241 

196 1 

,235 

,238 

.238 

-34 

-32 

The  first  column  contains  the  numbers  by  which  Mr.  M^Nab  has  dis- 
tinguished the  different  bottles.  The  second  and  third  coliunns  contain 
the  quantity  and  strength  of  the  decanted  part  of  the  liquor;  and  the 
fourth  and  fifth  shew  the  quantity  and  strength  of  the  imdecanted  part 
of  the  liquor.  The  sixth  column  gives  the  strength  of  both  parts  put  to- 
gether, or  the  strength  of  the  whole  mass;  and  the  seventh  is  the  strength 
of  the  same  acid,  as  it  was  determined  before  it  was  sent  to  Hudson's  Bay. 
The  strengths  of  the  decanted  and  undecanted  parts  were  found  by  satura- 
ting the  liquor  returned  home  with  maible ;  and  that  of  the  whole  mass  was 
inferred  by  computation  from  the  quantity  and  strength  of  the  decanted 
and  undecanted  parts;  and  as  the  strength  thus  inferred  never  differs  from 
that  determined  before  the  liquors  were  sent  to  Hudson's  Bay  by  more 
than  y^  part  of  the  whole,  it  is  not  likely  that  the  strengths  of  the  de- 
canted and  undecanted  parts  here  set  down  should  differ  from  the  truth 
by  much  more  than  that  quantity. 

The  eighth  column  contains  the  freezing  points  foimd  in  the  first 
method,  or  the  temperature  of  the  liquors  after  the  hasty  congelation 
which  took  place  on  exposing  them  to  the  cold  without  any  frozen  matter 
in  them ;  and  the  ninth  contains  their  temperature  after  the  more  gradual 
congelation  which  took  place  when  they  were  cooled  with  some  frozen 
matter  in  them ;  and  as  the  unfrozen  part  of  the  acid  was  decanted  im- 
mediately after  the  temperature  had  been  observed,  it  follows,  that  this 
column  shews  the  true  freezing  points  of  the  decanted  liquors.  In  Uke 
manner  the  eighth  column  shews  the  freezing  points  of  that  part  of  the 
liquor  which  remained  fluid  in  the  first  manner  of  trying  the  experiment ; 
but  as  the  strength  of  this  part  was  not  determined,  the  precise  strengths 
to  which  these  freezing  points  correspond  are  unknown.  Thus  much,  how- 
ever, is  certain,  that  these  points  must  be  below  those  of  the  whole  mass, 
and  in  all  probability  must  be  above  those  of  the  decanted  liquor;  as  there 
is  great  reason  to  think,  that  the  quantity  of  frozen  matter  was  always  less, 
and  consequently  the  strength  of  the  fluid  part  differed  less  from  that  of 
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the  whole  mass,  in  the  first  way  of  trying  the  experiment  than  in  the 
second. 

Before  I  draw  any  conclusions  from  these  experiments,  it  will  be  proper 
to  take  notice  of  some  particularities  which  occurred  in  trying  them. 

No.  6  was  made  to  congeal  by  a  freezing  mixture  of  snow  and  diluted 
oil  of  vitriol.  By  the  time  the  acid  was  cooled  to  -  42°,  icy  filaments  were 
formed  on  the  inside  of  the  phial  above  the  acid.  Ten  minutes  after,  the 
acid  being  cooled  one  degree  more,  the  phial  was  taken  out  and  agitated. 
This  mixed  the  icy  filaments  with  the  acid,  and  made  it  freeze,  which  it 
seems  not  to  have  done  before,  in  consequence  of  which  its  temperature 
rose  to  -  i,\°\.  After  having  melted  the  greatest  part  of  these  filaments, 
and  again  exposed  it  to  the  freezing  mixture,  some  snow  accidentally  fell 
into  the  add,  and  made  an  uncertainty  in  the  freezing  point,  for  which 
reason  it  is  not  set  down.  But  as  it  is  evident,  that  the  quantity  of  con- 
gealed matter  in  the  first  experiment  was  excessively  small,  the  strength 
of  the  unfrozen  part  could  not  differ  sensibly  from  that  of  the  whole  mass, 
and  therefore  -  41°^  is  the  true  freezing  point  that  answers  to  the  strength 
of  .561. 

It  is  remarkable,  that  No.  8  acquired  by  congelation  a  bluish  colour, 
not  unlike  that  which  the  dephlogisticated  nitrous  acid,  in  Mr,  M'^Nab's 
former  experiments,  acquired  by  dilution  with  snow.  It  is  not  said,  how 
long  the  acid  retained  this  colour,  but  it  was  intirely  gone  when  the  phial 
arrived  in  England.  I  am  quite  at  a  loss  to  account  for  this  phsnomenon, 
and  why  it  happened  to  this  bottle  only. 

No.  12  when  cooled  to  —  17°  seemed  to  contain  many  icy  particles;  but 
as  it  afterwards  bore  to  be  cooled  to  —  48°,  without  their  increasing,  we 
may  conclude,  that  they  were  not  frozen  spirit  of  nitre,  but  only  some 
heterogeneous  matter  separated  from  it.  A  fittle  of  the  congealed  part  of 
No.  8  dropped  into  it  while  at  this  point,  made  it  freeze,  and  it  rose  to 
-39°- 

In  all  the  foregoing  acids  the  ice  was  heavier  than  the  fluid  part,  and 
in  consequence  subsided  to  the  bottom;  a  proof  that  it  was  the  spirituous 
congelation  which  had  taken  place  in  them:  but  in  No.  13  the  frozen  part 
swam  at  top,  which  shews,  that  the  congelarion  was  of  the  aqueous  kind. 

It  may  appear  remarkable  to  those  who  read  Mr.  M'^Nab's  experiments, 
that  these  acids  bore  to  be  heated  so  much  above  their  freezing  points 
before  the  ice  intirely  dissolved.  No.  6.  bore  to  be  heated  18  degrees.  No.  7. 
13  degrees,  and  No.  12.  17  degrees  above  their  freezing  points,  before  all 
the  congealed  acid  had  disappeared.  But  as.  in  order  to  dissolve  this  con- 
gealed matter,  they  were  brought  into  a  room  in  all  probability  a  great 
many  degrees  warmer  than  the  points  to  which  they  were  heated,  so  that 
the  liquors  heated  fast ;  and  as  during  the  dissolution  the  ice  would  subside 
to  the  bottom;  it  is  not  extraordinary,  that  the  fluid  part  in  the  phial 
might  be  many  degrees  warmer  than  the  frozen  part,  unless  the  phials 
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were  much  agitated  during  the  time,  which  nothing  shews  them  to  have 
been ;  especially  if  we  consider  the  great  quantity  of  heat  which,  in  all 
probabihty,  must  be  conmiunicated  to  the  frozen  acid  in  order  to  melt  it ; 
and  that,  perhaps,  the  frozen  acid  may  receive  and  part  with  its  heat  but 
slowly.  It  must  be  observed  that  in  No.  6.  and  12.  the  frozen  part  might 
very  likely  be  of  a  considerably  different  strength,  and  in  consequence  its 
freezing  point  might  be  several  degrees  different  from  that  of  the  whole 
mass,  so  that  the  temperature  to  which  the  fluid  was  heated,  in  order  to 
melt  the  ice,  might  very  likely  not  differ  so  much  from  the  freezing  point 
of  the  ice  itself  as  is  here  set  down.  But  this  could  not  be  the  case  with 
No.  7. 

It  must  be  observed,  that  when  Mr.  M*^Nab  wanted  to  try  the  tempera- 
ture of  No.  7.  after  it  had  frozen  in  the  first  manner,  the  stopper  stuck  so 
tight  that  he  was  not  able  to  remove  it  without  warming  it  before  the  fire. 
The  thermometer  was  then  introduced,  and  stood  several  minutes  therein 
at  4-  i°i,  or  +  2°.  As  the  thermometer  remained  so  long  at  this  point,  one 
might  naturally  suppose,  that  this  was  the  true  freezing  point  of  the  un- 
frozen acid.  But  yet,  from  what  has  been  just  said,  it  seems  not  improbable 
that  it  may  be  otherwise,  and  that  the  true  freezing  point  may  be  sensibly 
lower;  for  which  reason  it  is  marked  in  the  table  with  an  asterisk  (*)  as 
doubtful. 

It  was  before  said,  that  the  temperatures  in  the  ninth  column  of  the 
foregoing  table,  are  the  freezing  points  answering  to  the  strengths  expressed 
in  the  third  column,  and  that  —  41  °J  is  the  freezing  point  answering  to  the 
strength  of  ,561 ;  whence  the  freezing  points  determined  by  these  experi- 
ments, and  their  respective  strengths,  are  as  follows : 


strength 

Freezing  point 

,561 

-41.6 

,445 

-  3.8 

,390 

-  4 

.353 

—  II 

,343 

-13.8 

,310 

-23 

,276 

-40.3 

By  interpolation  from  these  data,  according  to  Newton's  method^,  it 
appears,  that  the  strength  at  which  the  acid  freezes  with  the  least  cold  is 
,418,  and  that  the  freezing  point  answering  to  that  strength  is  —  2°-^^. 

In  order  to  shew  more  readily  the  freezing  point  answering  to  any  given 
strength,  I  have  computed,  by  the  same  method,  the  following  table,  in 
which  the  strengths  increase  in  arithmetical  progression. 

It  was  before  shewn,  that  the  freezing  points,  found  by  the  first  method, 
ought  to  be  below  those  of  the  whole  mass,  and  must,  in  all  probability,  be 

*  Princip.  Math,  Lib.  in.  prop.  40,  lem.  5. 
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above  those  of  the  decanted  liquor.   In  order  to  see  how  this  agrees  with 


observation,  I  computed  in 

the  above-me 

ntioned  manner  the  freezing 

Strength 

Freezing  point 

Difference 

568 
538 

-45.5 

-30,1 

+  15,4 
+  12 

+    8,7 
+    5.3 
+    1.7 
—    I  8 

1 

1 

308 
47S 
44S 
418 

-18,1 

-  9.4 

-  4.1 

-  2.4 

■ 

388 

-    4.2 

^H 

W 

358 

-  9.7 

-  5.5 

-  8 

328 

-  17.7 

298 

-27,7 

points 

answering 

to  the  strength  of  the  whole  mass,  and  compareti  them 

with  the  observec 

freezing  points.  The  result 

s  given  in  the  following  table. 

strength 

Computed 

Observed  freezing  point 

strength  uf 

of  the 

freezing  point 

the  whole 

decanted 

of  the 

In  first                   In  second 

Ni). 

Uquot 

whole  mass 

method                    method 

7 

.439 

,445 

-    3% 

+    1.7                -    3°.8 

8 

.407 

.390 

-    2.6 

-    3,5                -    4. 

9 

.393 

.353 

-    3.7 

-    4.5               -  n. 

10 

.357 

.343 

-  10. 

-  1Z.5               -  13,8 

II 

,320 

,310 

-  19.9 

-  22,5                 -  23. 

12 

.283 

.276 

-35.6 

-  39.1                 -  40.3 

It  may  be  observed,  that  the  freezing  point  of  No.  7.  tried  in  the  first 
way,  is  considerably  above  that  corresponding  to  the  strength  of  the  whole 
mass;  but  as  this  experiment  was  shewn  [p,  218]  to  be  doubtful,  and  not 
unlikely  to  exceed  the  truth,  we  may  safely  reject  it  as  erroneous.  All  the 
others,  as  might  be  expected,  are  lower  than  those  corresponding  to  the 
strength  of  the  whole  mass,  and  above  those  observed  in  the  second  manner, 
and  therefore  serve  to  confirm  the  truth  of  the  above  determination  of  the 
freezing  points  of  spirit  of  nitre;  and  also  shew,  that  in  this  acid  the  point 
of  spirituous  congelation  is  pretty  regular,  and  does  not  depend  much,  if 
at  all,  on  the  rapidity  with  which  the  congelation  is  performed. 

The  point  of  aqueous  congelation,  however,  seems  liable  to  considerable 
irregularity;  for  No,  13,  after  having  been  exposed  to  the  cold,  froze  on 
agitation,  the  congelation,  as  was  before  said,  being  of  the  aqueous  kind, 
and  the  thermometer  stood  stationary  therein  at  —  34°.  The  ice  being 
then  almost  melted,  it  was  again  exposed  to  the  cold,  till  a  good  deal  was 
frozen ;  but  yet  its  temperature  was  then  no  lower  than  -  32''J ,  though  the 
quantity  of  frozen  matter  must  certainly  have  been  much  more  than  in  the 
first  trial.  The  fluid  part  being  then  decanted,  and  the  frozen  part  melted, 
both  were  again  exposed  to  the  cold.  They  both  were  made  to  congeal  by 
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agitation,  and  the  temperature  of  the  undecanted  was  then  found  to  be 

—  35°,  and  that  of  the  decanted  part  —  37°:  so  that  it  should  seem  as  if 
the  freezing  point  foimd  by  the  hasty  congelation  was  always  lower  than 
that  f oimd  the  other  way,  which  may,  perhaps,  proceed  from  this  cause ; 
namely,  that  when  sufficient  time  is  allowed,  the  watery  part  will  separate 
from  the  rest,  and  freeze  in  a  degree  of  cold  much  less  than  what  is  required 
to  produce  that  effect,  when  it  is  performed  in  a  more  rapid  manner. 

These  experiments  confirm  the  truth  of  the  conclusions  I  drew  from 
Mr.  M*^Nab's  former  experiments;  for,  first,  there  is  a  certain  degree  of 
strength  at  which  spirit  of  nitre  freezes  with  a  less  degree  of  cold  than  when 
it  is  either  stronger  or  weaker;  and  when  spirit  of  nitre,  of  a  different 
strength  from  that,  is  made  to  congeal,  the  frozen  part  approaches  nearer 
to  the  foregoing  degree  of  strength  than  the  unfrozen.  Likewise  this 
strength,  as  well  as  the  freezing  point  corresponding  thereto,  and  the 
freezing  point  answering  to  the  strength  of  ,54,  come  out  very  nearly  the 
same  as  I  concluded  from  those  experiments;  for  by  the  present  experi- 
ments they  come  out  ,418,  —  2%%  and  —  31°,  and  by  the  former,  ,411, 

—  i°|,  and  —  31°.  But  the  freezing  point  answering  to  the  strength  of  ,38 
is  totally  different  from  what  I  there  supposed.  This  must  have  been 
owing  to  the  strength  of  that  acid  haxdng  been  very  different  from  what 
I  thought  it;  which  is  not  improbable,  as  its  strength  was  inferred  only 
from  the  quantity  of  snow  which  was  added  to  it  in  finding  the  degree  of 
cold  produced  by  its  mixture  with  snow. 

After  the  foregoing  experiments  were  finished,  Mr.  M^Nab  made  some 
more  for  determining  the  freezing  points  both  of  the  decanted  and  un- 
decanted part ;  but  for  want  of  a  sufficient  explanation  of  the  manner  in 
which  they  were  executed,  I  have  not  been  able  to  make  any  use  of  them. 
In  their  present  state  they  shew  much  appearance  of  irregularity;  but  this 
would  very  likely  have  been  cleared  up,  if  the  circumstances  had  been 
more  fully  detailed. 

On  the  Vitriolic  Acid. 

An  irregularity  of  a  remarkable  kind  occurred  in  trying  two  of  these 
acids;  namely,  when  the  imdecanted  part  was  melted  and  again  made  to 
congeal,  its  freezing  point  was  found  to  be  much  less  cold  than  that  of  the 
decanted  part,  and  the  difference  was  much  greater  than  could  be  attri- 
buted to  the  difference  of  strength.  This  seems  to  have  happened  only  in 
the  two  strongest  acids,  namely,  No.  i.  and  2.  and  in  great  measure  con- 
firms the  supposition  which  I  formed  from  Mr.  McNab's  former  experi- 
ments, that  the  congealed  part  of  oil  of  vitriol  differs  from  the  rest,  not 
merely  in  strength,  but  also  in  some  other  respect,  which  I  am  not  ac- 
quainted with.  It  should  seem,  however,  that  this  property  does  not 
extend  to  weak  oil  of  vitriol. 

It  perhaps  may  be  suspected,  that  this  property  takes  place  in  the 
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nitrous  acid  also,  and  was  the  cause  of  the  slow  melting  of  the  ice  taken 
notice  of  in  [p.  217].  But  I  think  it  more  likely,  that  that  phEenomenon  pro- 
ceeded from  the  causes  there  assigned. 

Some  smaller  irregularities  occurred  in  trying  the  vitriolic  acid,  the 
cause  of  which  I  believe  was,  that  when  this  acid  has  been  cooled  below 
the  freezing  point,  and  begins  to  freeze,  the  congelation  proceeds  but 
slowly;  so  that  a  considerable  time  elapses  before  it  rises  to  the  true 
freezing  point.  Something  of  the  same  kind  seems  to  take  place  in  the 
nitrous  acid  also,  though  in  a  less  degree;  for  the  decanted  liquors  usually 
continued  to  freeze  and  deposit  a  smali  quantity  of  ice,  for  a  few  minutes 
alter  they  were  poured  off,  though  their  cold,  at  least  in  some  instances, 
was  found  rather  to  diminish  during  that  time.  It  must  be  observed,  that 
smaJl  spicula  of  ice  always  came  over  along  with  the  decanted  liquor;  and 
to  this,  in  all  probability,  the  new-formed  ice  attached  itself;  for  otherwise 
it  is  likely,  that  no  ice  would  have  been  produced. 

The  following  table  contains  the  strength  of  the  acids  as  determined 
before  they  were  sent  to  Hudson's  Bay,  and  the  quantity  and  strength  of 
the  decanted  and  undecanted  parts  when  they  arrived  at  London,  and  the 
strength  of  the  whole  mass  as  computed  from  tlience.  For  the  sake  of 
uniformity,  I  have  expressed  their  strengths,  like  those  of  the  nitrous  add, 
by  the  quantity  of  marble  necessary  to  saturate  them,  though  I  did  not  find 
their  strength  by  actually  trying  how  much  marble  they  would  dissolve; 
as  that  method  is  too  uncertain,  on  account  of  the  selenite  formed  in  the 
operation,  and  which  in  good  measure  defends  the  marble  from  the  action 
of  the  acid.  The  method  I  used  was,  to  find  the  weight  of  the  plumbum 
vitriolatum  formed  by  the  addition  of  sugar  of  lead,  and  from  thence  to 
compute  the  strength,  on  the  supposition  that  a  quantity  of  oil  of  vitriol, 
sufficient  to  produce  loo  parts  of  plumbum  vitriolatum,  will  dissolve  33 
of  marble;  as  I  found  by  experiment  that  so  much  oil  of  vitriol  would 
saturate  as  much  fixed  alkali  as  a  quantity  of  nitrous  acid  sufficient  to 
dissolve  33  of  marble.  It  may  be  observed,  that  the  quantity  of  alkali, 
necessary  to  saturate  a  given  quantity  of  acid,  can  hardly  be  determined 
with  much  accuracy,  for  which  reason  the  foregoing  less  direct  method 
was  adopted ;  especially  as  the  precipitation  of  plumbum  \itriolatum  shews 
the  proportional  strengths,  which  is  the  thing  principally  wanted,  with  as 
great  accuracy  as  any  method  I  know. 
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strength 
before  sent 

DccAnteil  part 
Quantity       Strength 

Undecanted  part 
Quantity       Strength 

Strength  of 
whole  mass 

.977 

1375              .967 

3460 

.963 

.964 

.918 

3915             .919 

1876 

.9»5 

.914 

,846 

88            ,777 

4915 

,850 

.849 

.758 

389            ,710 

(3795 

1  547 

.753 

.755 

.803 
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The  iindecanted  part  of  No.  4  was  divided  into  two  parts;  namely,  the 
less  and  the  more  congealable  part ;  and  it  is  the  latter  whose  quantity  and 
strength  is  given  in  the  last  Une. 

It  is  well  known,  that  oil  of  vitriol  attracts  moisture  with  great  avidity; 
and  some  of  these  acids  were  much  exposed  to  the  air  during  the  experi- 
ments made  with  them,  and  may  therefore  be  supposed  to  have  attracted 
so  much  moisture  from  the  air,  as  might  sensibly  diminish  their  strength ; 
and  this  seems  actually  to  have  been  the  case  with  some  of  them.  But  as 
the  bottles  were  well  stopped,  and  as,  except  in  one  acid  which  was  the 
most  exposed  to  the  air,  the  strength  of  the  whole  mass  comes  out  not 
much  less  than  that  determined  before  the  liquors  were  sent  to  Hudson's 
Bay,  I  imagine  their  strength  could  not  sensibly  alter  during  their  voyage 
home;  and  consequently  their  strength,  at  the  time  the  last  observations 
were  made  with  them,  could  not  differ  much  from  that  here  set  down. 

It  would  be  tedious  to  give  the  experiments  for  determining  their 
freezing  points  in  detail ;  but  the  result  is  as  follows.  The  freezing  point  of 
No.  I  tried  in  the  first  method,  was  somewhat  above  +  1°,  but  it  is  un- 
certain how  much;  that  tried  in  the  second  manner  seemed  —  6° J.  But 
the  freezing  point  of  the  imdecanted  part,  after  having  been  intirely 
melted,  and  again  exposed  to  the  cold,  was  +  9°.  It  must  be  observed, 
that  though  this  part  was  in  all  probability  at  first  stronger  than  the  de- 
canted part,  yet  at  the  time  its  freezing  point  was  tried,  it  seems  to  have 
become  rather  weaker  than  that,  owing  to  its  exposure  to  the  air.  It  was 
before  said,  that  the  freezing  point  tried  in  the  second  manner  is  that  of 
the  decanted  liquor;  so  that  the  freezing  point  of  the  decanted  part  seems 
to  have  been  13  or  14  degrees  colder  than  that  of  the  undecanted  part; 
though  the  difference  of  strength,  if  there  was  any,  must  in  all  probability 
have  tended  to  produce  the  contrary  effect. 

The  freezing  point  of  No.  2.  tried  in  the  first  way,  was  —  26°;  and  that 
tried  in  the  second  was  —  30°,  or  —  26° ;  but  yet  the  freezing  point  of  the 
imdecanted  part  was  26  or  30  degrees  higher,  namely,  at  zero;  a  difference 
which  could  scarcely  have  proceeded  from  the  difference  of  strength. 

The  freezing  point  of  No.  3  could  hardly  differ  much  from  -h  42® ;  and 
that  of  No.  4  was  about  —  45°. 

It  should  be  remarked,  that  when  this  last  acid,  as  well  as  No.  i.  and  2. 
were  exposed  to  a  great  cold,  a  sediment  formed  in  them.  This  must  have 
been  of  a  very  different  nature  from  frozen  acid,  as  appeared  both  from  its 
texture,  which  was  soft  and  mucilaginous  to  the  feel,  instead  of  being  gritty 
as  the  frozen  acid  always  was ;  and  also  from  its  being  not  much  increased  by 
an  increase  of  cold ;  and  therefore  seems  to  have  been  some  impiuity  separ- 
ated from  the  acid.  The  quantity  was  greatest  in  No.  4* ;  but  even  in  this, 
though  it  appeared  great,  it  is  likely  that  the  real  quantity  was  very  small. 

Another  bottle  of  acid,  whose  strength  was  ,659,  was  sent;  but  Mr. 
M*^Nab  was  not  able  to  make  this  freeze. 
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From  these  experiments  it  should  seem,  that  the  freezing  point  of  oil 
of  vitriol,  answering  to  different  strengths,  is  neariy  as  follows: 


:rength 

Freezing  point 
0 

.977 

+  I 

.918 

-26 

,846 

+  42 

.758 

-45 

From  hence  we  may  conclude,  that  oil  of  vitriol  has  not  only  a  strength 
of  easiest  freezing,  as  Mr.  Keir  has  shewn;  but  that,  at  a  strength  superior 
to  this,  it  has  another  point  of  contrary  flexure,  beyond  which,  if  the 
strength  be  increased,  the  cold  necessary  to  freeze  it  again  begins  to 
diminish. 

The  strength  answering  to  this  latter  point  of  contrary  flexure  must, 
in  all  probability,  be  rather  more  than  ,918,  as  the  decanted  or  unfrozen 
part  of  No.  2.  seemed  rather  stronger  than  the  undecanted  part;  and  for  a 
like  reason  the  strength  of  easiest  freezing  is  rather  more  than  ,846. 

Mr.  Keir  found  that  oil  of  vitriol  froze,  with  the  least  degree  of  cold, 
when  its  specific  gravity  at  60°  of  heat  was  1,780,  and  that  the  freezing 
point  answering  to  that  degree  of  strength  was  +  46° ;  which  agrees  pretty 
nearly  with  these  experiments,  as  the  strength  of  oil  of  vitriol  of  that 
specific  gravity  is  ,848,  that  is,  nearly  the  same  as  that  of  No.  3. 
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XVII.  On  the  Comers  ton  of  a  Mixture  of  dephio- 
gisticated  and phlogisticated  Air  into  nitrous  Acid^ 
by  the  electric  Spark.  By  Henn-  Cavendish,  Esq.^ 
F.R.S.  and  A.S. 


Read  April  17,  1788 

Ix  VfJume  LXXV.  of  the  Philosophical  Transactions,  p.  372.  I  related 
an  experiment,  i*iiich  shewed,  that  by  passing  repeated  electric  sparks 
through  a  mixture  of  atmospheric  and  dephlogisticated  air,  c<Mifined  in  a 
bent  glass  tube  by  columns  of  soap-lees  and  quicksilver,  the  air  was  con- 
verted into  nitrous  acid,  which  united  to  the  soap-lees  and  formed  nitre. 
But  as  this  experiment  has  since  been  tried  by  some  perscHis  of  distin- 
guished ability  in  such  pursuits  i^ithout  success,  I  thought  it  right  to  take 
some  measures  to  authenticate  the  truth  of  it.  For  this  puqx)se,  I  re- 
quested Mr.  Gilpin,  Clerk  of  the  Ro\-al  Society,  to  repeat  the  experiment, 
and  desired  some  of  the  Gentlemen  most  conversant  with  these  subjects 
to  be  present  at  putting  the  materials  together,  and  at  the  examination  of 
the  produce. 

This  laborious  experiment  Mr.  Gilpin  was  so  good  as  to  undertake.  It 
was  performed  in  the  same  manner,  and  vrith  the  same  apparatus,  which 
was  ust-d  in  my  oun  experiments,  and  which  is  described  in  the  begiiming 
of  the  above-mentioned  Paper,  and  is  accompanied  \*ith  a  drawing.  The 
method  used  for  introducing  air  into  the  bent  tube,  vras  that  described  in 
the  last  paragraph  of  p.  '194]  in  that  Paper,  by  means  of  the  apparatus 
represented  in  fig.  3.  or  the  reservoir,  as  I  shall  call  it.  The  soap-lees,  like 
those  of  my  own  experiments,  were  prepared  from  salt  of  tartar,  and  were 
of  such  strength  as  to  yield  -^i^  of  their  weight  of  nitre  when  satiuated  with 
nitrous  acid.  The  dephlogisticated  air  was  prepared  from  tm-bith  mineral, 
and  seemed  by  the  nitrous  test  to  contain  about  ^  part  of  phlogisticated  air. 

On  December  6, 1787,  in  the  presence  of  Sir  Joseph  Banks,  Dr.  Blagden, 
Dr.  Dollfuss,  Dr.  Fordyce,  Dr.  J.  Hunter,  and  Mr.  Made,  the  materials  were 
put  together.  The  quantity  of  soap-lees,  introduced  into  the  bent  tube, 
was  180  measures,  each  of  which  contained  one  grain  of  quicksilver;  and. 
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as  the  bore  of  the  tube  was  rather  more  than  one-third  of  an  inch  in 
diameter,  it  formed  a  column  of  five  or  six-tenths  of  an  inch  in  length, 
which,  by  the  introduction  of  the  air,  was  divided  into  two  parts,  one 
resting  on  the  quicksilver  in  one  leg  of  the  tube,  and  the  other  on  that  in 
the  other  leg.  The  dephlogisticated  air  was  mixed  with  one-third  part  of 
its  bulk  of  atmospheric  air  of  the  room  in  a  separate  jar,  and  the  reservoir 
was  filled  with  the  mixture;  and  from  thence  Mr.  Gilpin,  as  occasion  re- 
quired, forced  air  into  the  bent  tube,  to  supply  the  place  of  that  absorbed 
by  means  of  the  electric  spark. 

From  what  has  been  said,  it  appears,  that  the  mixture  employed  con- 
tained a  less  proportion  of  common  air  than  that  used  in  either  of  my 
experiments.  This  made  it  necessary  for  Mr.  Gilpin  now  and  then  to  intro- 
duce some  common  air  by  means  of  the  bent  tube  represented  in  fig.  3.  of 
the  above-mentioned  paper,  whenever  from  the  slowness  of  the  absorption 
he  thought  there  was  too  small  a  proportion  of  phlogisticated  air  in  the  tube. 
My  reason  for  this  manner  of  proceeding  was.  that  as  my  first  experi- 
ment seemed  to  shew,  that  the  dephlogisticated  air  ought  to  be  in  a  rather 
greater  proportion  to  the  phlogisticated  than  the  latter  did,  I  was  some- 
what uncertain  as  to  the  proper  quantities,  and  doubted  whether  I  could 
proportion  them  in  such  manner  as  that  it  should  not  be  necessary,  during 
the  course  of  the  experiment,  to  add  either  dephlogisticated  or  common 
air.  I  therefore  mixed  the  airs  in  such  proportion,  that  I  was  sure  there 
could  be  no  occasion  to  add  the  former;  since  it  was  much  easier,  as  well 
as  more  unexceptionable,  to  add  common  air  than  dephlogisticated  air. 

On  December  24,  as  the  air  in  the  reservoir  was  almost  all  used,  this 
apparatus  was  again  filled  in  the  presence  of  most  of  the  above-mentioned 
Gentlemen,  with  a  mixture  of  the  same  dephlogisticated  air  and  common 
air,  in  the  same  proportions  as  before ;  and  the  same  thing  was  repeated  on 
January  19. 

On  January  23.  the  bent  tube  was,  by  accident,  raised  out  of  one  of  the 
glasses  of  mercury  into  which  it  was  inverted,  by  which  it  was  filled  with 
air,  and  a  good  deal  of  the  soap-lees  were  lost ;  there,  however,  was  enough 
remaining  for  examination. 

On  January  28.  and  29,  the  produce  of  this  experiment  was  examined 
in  the  presence  of  Sir  Joseph  Banks,  Dr.  Blagden,  Dr.  Dollfuss,  Dr.  For- 
dyce.  Dr.  Heberden,  Dr.  J.  Hunter,  Mr.  Macie,  and  Dr,  Watson.  It  appeared 
that  9290  measures  of  the  mixed  air  had  been  forced  into  the  bent  tube 
from  the  reservoir'.  Besides  this,  Mr.  Gilpin  had  at  different  times  intro- 
duced 872  measures  of  common  air,  which  makes  in  all  10,162  of  air,  con- 
sisting of  6968  of  dephlogisticated  air,  and  3194  of  common  air.  But  as 
there  were  900  measures  of  air  remaining  in  the  tube  when  the  accident 
happened,  the  quantity  absorbed  was  only  9262 :  but  this  is  a  much  greater 
'  The  method  of  ascertaining  the  quantity  of  air  forced  in  was  by  weighing  the 
3  mentioned  in  the  at»ve-mentioned  Paper,  p.  374  ip-  i88of  this  volume;. 
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quantity  that  [sic]  what  from  my  own  experiments  seemed  necessary  for 
this  quantity  of  soap-lees. 

The  soap-lees  were  poured  into  a  small  glass  cup,  and  the  tube  washed 
with  a  little  distilled  water,  in  order  that  as  little  as  possible  might  be 
lost.  As  they  were  by  this  means  considerably  diluted,  they  were  evapor- 
ated to  dryness;  but  it  was  difficult  to  estimate  the  quantity  of  the  saUne 
residuum,  as  it  was  mixed  with  a  few  particles  of  mercury. 

Some  vitrioUc  acid,  dropped  on  a  little  of  this  residuum,  yielded  a 
smell  of  nitrous  acid,  the  same  as  when  dropped  on  nitre  phlogisticated  by 
exposure  to  the  fire  in  a  covered  crucible;  but  it  was  thought  less  strong. 
The  remainder  was  dissolved  in  a  small  quantity  of  distilled  water,  and  the 
following  experiments  were  tried  with  the  solution. 

It  did  not  at  all  discolour  paper  tinged  with  the  juice  of  blue  flowers. 

It  left  a  nauseous  taste  in  the  mouth  like  solutions  of  mercmy,  and  most 
other  metallic  substances. 

Paper  dipped  into  it,  and  dried,  burnt  with  some  appearance  of  de- 
flagration, but  not  so  strongly  or  uniformly  as  when  dipped  in  a  solution 
of  nitre.  The  marks  of  deflagration,  however,  were  stronger  than  when  the 
Paper  was  dipped  into  a  solution  of  mercury  in  spirit  of  nitre,  but  not  so 
strong  as  when  equal  parts  of  this  solution  and  solution  of  nitre  were  used. 

A  solution  of  fixed  vegetable  alkali,  dropped  into  some  of  it  diluted, 
produced  a  slight  reddish-brown  precipitate,  which  afterwards  assumed  a 
greenish  colour. 

A  bit  of  bright  copper  being  dipped  into  it,  acquired  an  evident  whitish 
colour,  though  not  so  white  as  when  dipped  into  the  solution  of  mercury 
in  spirit  of  nitre. 

From  these  experiments  it  appears,  that  the  mixture  of  the  two  airs 
was  actually  converted  into  nitrous  acid,  only  the  experiment  was  con- 
tinued too  long,  so  that  the  quantity  of  air  absorbed  was  greater  than  in 
my  experiments,  and  the  acid  produced  was  sufficient,  not  only  to  saturate 
the  soap-lees,  but  also  to  dissolve  some  of  the  mercury.  The  truth  of  the 
latter  part  is  proved  by  the  metallic  taste  of  the  residuum,  its  not  dis- 
colouring the  blue  paper,  the  precipitate  formed  by  the  addition  of  fixed 
alkali,  and  the  white  colour  given  to  the  copper;  and  the  nitrous  fumes 
produced  by  the  addition  of  oil  of  vitriol,  as  well  as  the  manner  in  which 
paper  impregnated  with  the  residuum  burnt,  shew  as  plainly,  that  the  acid 
produced  was  of  the  nitrous  kind.  It  is  remarkable,  however,  that  during 
this  experiment  there  were  no  signs  which  shewed  when  the  soap-Jees 
became  saturated.  The  only  time  when  the  diminution  proceeded  much 
slower  than  usual  was  on  January  4.  It  then  seemed  to  go  on  very  slowly; 
but  as  the  air  absorbed  at  that  time  was  only  4830  measures,  which  is  much 
less  than  what  seems  requisite  to  saturate  the  alkali,  and  as  the  diminution 
immediately  went  on  again  upon  adding  more  common  air,  it  seems  not 
likely,  that  the  soap-lees  were  saturated  at  that  time. 
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On  January  10,  Mr.  Gilpin  observed  a  small  quantity  of  whitish  sedi- 
ment on  the  surface  of  the  mercury;  which  seems  to  shew,  that  the  soap- 
lees  were  then  saturated,  and  that  the  acid  was  beginning  to  corrode  the 
mercury.  The  quantity  of  air  absorbed  was  also  6840  measures,  which  is 
about  as  much  as  I  expected  would  be  required.  However,  as  I  was  per- 
suaded, from  the  event  of  my  own  experiments,  that  the  diminution  would 
either  intirely  cease,  or  go  on  very  slowly,  as  soon  as  the  soap-lees  were 
saturated;  and  as  I  was  unwilling  to  stop  the  experiments  before  that 
happened,  I  thought  it  best  to  continue  the  electrification. 

On  the  same  morning  Mr.  Gilpin  found,  that  about  120  measures  of  the 
air  in  the  bent  tube  had  been  spontaneously  absorbed  during  the  night,  the 
quantity  therein  being  so  much  less  than  it  was  the  preceding  evening, 
though  the  electrical  machine  had  not  been  worked,  or  anything  done  to 
it  during  the  intermediate  time.  The  reason  of  this  in  all  probability  is, 
that  as  the  acid  was  then  corroding  the  mercury,  the  soap-lees  became 
impregnated  with  nitrous  air,  which,  during  the  night,  united  to  the  de- 
phlogisticated  air,  and  caused  the  diminution. 

Though  in  reality  the  event  of  this  experiment  was  such  as  to  establish 
the  truth  of  my  position,  that  the  mixture  of  dephlogisticated  and 
phlogisticated  air  is  converted  by  the  electric  spark  into  nitrous  acid,  as 
fully  as  if  the  experiment  had  been  stopped  in  proper  time;  yet,  as  the 
event  was  in  some  measure  different  from  that  of  my  own  experiments, 
and  might  afford  room  for  cavil,  I  was  desirous  of  having  it  repeated;  and 
as  Mr.  Gilpin  was  so  obliging  as  to  undertake  it  again,  the  materials  were, 
on  February  il.  put  together  for  a  fresh  experiment,  in  the  presence  of 
most  of  the  above-mentioned  Gentlemen,  The  soap-lees  employed  were 
the  same  as  before,  but  183  measures  were  now  introduced.  The  de- 
phlogisticated air  was  different,  the  former  parcel  being  all  used.  It  was 
prepared,  like  the  former,  from  turbith  mineral,  but  was  rather  purer,  as 
it  seemed  to  contain  only  -^  of  phlogisticated  air.  The  proportion  in  which 
it  was  mixed  with  common  air  was  that  of  22  to  10;  so  that  a  greater 
proportion  of  common  air  was  now  used,  in  consequence  of  which  it  was 
not  necessary  for  Mr.  Gilpin  to  introduce  common  air  so  often. 

On  February  29,  the  reservoir  was  again  filled  witli  air  of  the  same 
kind,  in  presence  of  some  of  the  same  Gentlemen.  As  it  was  found  by  the 
last  experiment  that  we  must  not  depend  on  the  saturation  of  the  soap-lees 
being  made  known  by  any  alteration  in  the  rate  of  diminution,  the  process 
was  stopped  as  soon  as  the  air  absorbed  was  such  as  from  my  own  experi- 
ments I  judged  sufficient  to  neutralize  the  soap-lees.  This  was  effected  on 
the  15th  of  March.  The  air  remaining  in  the  tube,  when  Mr.  Gilpin  left 
off  working,  was  600  measures;  but  at  the  time  the  produce  was  examined, 
it  was  reduced  to  about  120,  so  much  having  been  absorbed  without  the 
help  of  any  electrification,  which  is  a  still  more  remarkable  instance  of 
spontaneous  absorption  than  what  occurred  in  the  former  experiment. 
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A  few  days  after  the  experiment  began,  a  black  film  was  formed  in  one  of 
the  legs,  which,  I  suppose,  must  have  been  a  mercurial  ethiops ;  but  whether 
owing  to  some  small  degree  of  foulness  in  the  mercury  or  tube,  or  to  any 
other  cause,  I  cannot  tell.  This  foulness  seemed  not  to  increase;  but  on 
March  lo,  when  the  air  absorbed  was  about  5200,  a  whitish  sediment  began 
to  appear  on  the  surface  of  the  mercury. 

On  March  19,  the  produce  was  examined  in  the  presence  of  Dr.  Blagden, 
Dr.  Dollfuss,  Dr.  Fordyce,  Dr.  Heberden,  Dr.  J.  Hunter,  Mr.  Made,  and 
Dr.  Watson.  The  mixed  air  forced  into  the  bent  tube  from  the  reservoir 
was  6650  measures,  besides  which  Mr.  Gilpin  had  at  different  times  intro- 
duced 630  of  common  air,  which  makes  in  all  7280,  containing  4570  of  de- 
phlogisticated,  and  2710  of  common  air. 

The  soap-lees  were  evaporated  to  dryness  as  before.  The  residuum 
weighed  two  grains,  but  there  were  two  or  three  globules  of  mercury  mixed 
with  it,  which  might  very  likely  weigh  half  a  grain.  This  being  dissolved 
in  a  small  quantity  of  water,  the  following  experiments  were  made  wth  it. 

It  did  not  at  all  discolour  paper  tinged  with  blue  flowers. 

Slips  of  paper  were  dipped  into  it,  and  dried;  and,  by  way  of  com- 
parison, other  slips  of  paper  were  dipped  into  a  solution  both  of  common 
nitre  and  phlogisticated  nitre,  and  also  dried.  The  former  burnt  in  the 
same  manner,  and  with  as  strong  marks  of  deflagration,  as  the  latter. 

It  had  a  strong  taste  of  nitre,  but  left  also  a  slight  metalUc  taste  on  the 
tongue. 

It  did  not  give  any  white  colour  to  a  piece  of  clean  copper  put  into  it. 

In  order  to  see  whether  the  whitish  sediment,  which  was  before  said  to 
be  formed  in  the  bent  tube,  contained  any  mercury,  the  remainder  of  this 
solution  was  diluted  with  some  more  distilled  water,  and  suffered  to  stand 
till  the  white  sediment  had  subsided.  The  clear  liquor  being  then  poured 
off,  the  remainder,  containing  the  sediment,  which  seemed  to  amount  only 
to  a  very  small  quantity,  was  put  on  a  piece  of  bright  copper,  and  dried 
upon  it;  a  piece  of  clean  gold  was  then  laid  over  it,  and  both  were  exposed 
to  heat.  Both  metals  acquired  a  whitish  colour,  especially  the  gold,  but 
which  was  very  indeterminate. 

In  order  to  discover  how  nice  a  test  of  alcalinity  the  paper  tinged  with 
blue  flowers  was,  a  sjiturated  solution  of  common  nitre  was  mixed  with 
j^^  of  its  bulk  of  the  soap-lees;  and  this  mixture  was  found  to  turn  the 
paper  evidently  green ;  so  that,  as  the  solution  of  nitre  contains  about  twice 
as  much  alkali  as  the  soap-lees,  it  appears,  that  if  the  residuum  had  wanted 
only  ^  part  of  being  saturated,  it  would  have  discoloured  the  paper. 

From  the  foregoing  trials  it  appears,  that  the  mixture  of  dephlogisti- 
cated  and  common  air  in  this  experiment  was  actually  converted  into 
nitrous  acid,  and  was  sufficient  not  only  to  saturate  the  soap-lees,  but  also 
to  dissolve  some  of  the  mercury.  The  quantity  dissolved,  however,  was 
very  small,  and  not  sufficient  to  diminish  sensibly  the  deflagrating  quality 
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of  the  nitre;  so  that  the  proof  of  the  air  being  converted  into  nitrous  acid 
was  as  evident  as  if  no  mercury  had  been  dissolved. 

In  this  experiment,  as  well  as  the  former,  no  indication  of  the  soap-lees 
becoming  saturated  was  afforded  by  any  cessation  in  the  diminution  of  the 
air;  whereas,  in  my  experiments,  it  was  very  manifest.  I  do  not  know  what 
this  difference  should  be  owing  to,  except  to  Mr.  Gilpin's  giving  much 
stronger  electrical  sparks  than  I  did.  In  his  experiments  the  metallic  knob 
which  received  the  spark,  and  conveyed  it  to  the  bent  tube,  was  usually 
placed  at  about  2.\  inches  from  the  conductor,  so  that  the  spark  jumped 
through  z\  inches  of  air,  in  passing  from  the  conductor  to  the  knob,  besides 
from  ij  to  2\  inches  of  air  in  the  tube;  whereas  in  my  experiments,  I  be- 
lieve, the  knob  was  never  placed  at  the  distance  of  more  than  i\  inch 
from  the  conductor,  and  the  quantify  of  air  in  the  tube  was  much  less;  but 
the  conductor  and  electrical  machine  were  the  same. 

Except  this,  the  only  difference  I  know  in  the  manner  of  conducting 
the  experiment  is,  first,  that  Mr.  Gilpin  usually  continued  working  the 
machine  for  half  an  hour  at  a  time,  whereas  I  seldom  worked  it  more  than 
ten  minutes;  and,  secondly,  that  in  Mr.  Gilpin's  Experiments  the  common 
air  in  the  reservoir  bore  a  less  proportion  to  the  dephlogisticated  air  than 
in  mine;  in  consequence  of  which  it  was  necessary  for  him  frequently  to 
introduce  common  air.  On  this  account,  the  proportion  of  the  two  airs  in 
the  bent  tube  would  be  considerably  different  at  different  times;  but  on 
the  whole,  the  common  air  absorbed  bore  a  greater  proportion  to  the  de- 
phlogisticated than  in  mine. 

Though  the  whole  quantity  of  air  absorbed  in  these  experiments  is 
known  with  considerable  precision,  yet  it  is  impossible  to  determine,  with 
any  accuracy,  how  much  of  each  kind  was  absorbed,  on  account  of  our 
uncertainty  about  the  nature  of  the  air  which  remained  at  the  end  of  the 
experiment.  But  if  in  the  last  experiment  we  suppose  that  the  air  absorbed 
spontaneously  between  the  15th  and  19th  of  March  was  intirely  de- 
phlogisticated. and  that  what  remained  at  the  end  of  that  time  was  of  the 
purify  of  common  air,  it  will  appear,  that  4090  of  dephlogisticated  and 
2588  of  common  air.  which  is  equivalent  to  4480  of  pure  dephlogisticated 
air  and  2198  of  phlogisticated  air.  were  absorbed  at  the  time  the  electrifi- 
cation was  stopped,  and  consequently  the  dephlogisticated  air  is  ^J  of 
the  phlogisticated  air;  whereas  in  my  first  experiment  it  seemed  to  be  10, 
and  in  my  last  ^ . 

But  the  quantity  of  acid  produced,  and  consequently,  I  suppose,  the 
saturation  of  the  soap-tees,  depends  only  on  the  quantity  of  phlogisticated 
air  absorbed:  and  the  effect  of  the  greater  or  less  quantity  of  dephlogisti- 
cated air  is  only  to  make  the  nitre  produced  more  or  less  phlogisticated. 
Now,  in  this  experiment,  the  bulk  of  the  phlogisticated  air  was  \2^^  that 
of  the  soap-lees.  In  my  first  experiment  it  was  il-]%,  and  in  my  last  10^. 
As  many  persons  seem  to  have  supposed  that  the  diminution  of  the 
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air  in  these  experiments  is  much  quicker  than  it  really  is,  though  I  do  not 
know  any  thing  in  my  Paper  which  should  lead  to  suppose  that  it  was  not 
very  slow,  it  may  be  proper  to  say  something  on  this  head.  As  the  quick- 
ness of  the  diminution  depends  so  much  on  the  power  of  the  electrical 
machine,  I  can  only  speak  as  to  what  happens  with  the  machine  used  in 
these  experiments.  This  was  one  of  Mr.  Naime's  patent  machines,  the 
cylinder  of  which  is  12  J  inches  long,  and  7  in  diameter.  A  conductor  of 
5  feet  long,  and  6  inches  in  diameter,  was  adapted  to  it,  and  the  ball  which 
received  the  spark  was  placed  at  two  or  three  inches  from  another  ball, 
fixed  to  the  end  of  the  conductor.  Now,  when  the  machine  worked  well, 
Mr.  Gilpin  supposes  he  got  about  two  or  three  hundred  sparks  a  minute, 
and  the  diminution  of  the  air  during  the  half  hour  which  he  continued 
working  at  a  time,  varied  in  general  from  40  to  120  measures,  but  was 
usually  greatest  when  there  was  most  air  in  the  tube,  provided  the  quantity 
was  not  so  great  as  to  prevent  the  spark  from  passing  readily. 

The  only  persons  I  know  of,  who  have  endeavoured  to  repeat  this 
experiment,  are,  M.  Van  Marum,  assisted  by  M.  Paets  Van  Trootswyk; 
M.  Lavoisier,  in  conjunction  with  M.  Hassenfratz;  and  M.  Monge.  I  am 
not  acquainted  with  the  method  which  the  three  latter  Gentlemen  em- 
ployed, and  am  at  a  loss  to  conceive  what  could  prevent  such  able  philo- 
sophers from  succeeding,  except  want  of  patience.  But  M.  Van  Marum, 
in  his  Premiere  Continuation  des  Experiences,  faites  par  le  moyen  de  la 
Machine  electrique  Teylerienne,  p.  182.  has  described  the  method  employed 
by  him  and  M.  Van  Trootswyk.  They  used  a  glass  tube,  the  upper  end  of 
which  was  stopped  by  cork,  through  which  an  iron  wire  was  passed,  and 
secured  by  cement,  and  the  lower  end  was  immersed  into  mercury;  so  that 
the  electric  spark  passed  from  the  iron  wire  to  the  soap-lees.  After  so 
much  of  a  mixture  of  five  parts  of  dephlogisticated  and  three  of  common 
air  as  was  equal  to  twenty-one  times  the  bulk  of  the  soap-lees^  was  ab- 
sorbed, some  paper  was  moistened  with  the  alkaU,  which  by  its  burning 
appeared  to  contain  nitre,  but  shewed  that  the  alkali  was  not  near 
saturated.  The  experiment  was  then  continued  with  the  same  soap-lees 
till  more  of  the  air,  equal  to  fifty-six  times  the  bulk  of  the  soap-lees,  was 
absorbed,  which  is  near  double  the  quantity  required  to  saturate  them; 
but  yet  the  diminution  went  on  as  fast  as  ever.  It  was  then  tried,  by  the 
burning  of  paper  dipped  into  them,  how  nearly  they  were  saturated;  but 
they  still  seemed  far  from  being  so. 

The  circumstance  of  using  the  iron  wire  appears  evidently  objection- 
able, on  account  of  the  danger  of  the  iron  wire  being  calcined  by  the 
electric  spark,  and  absorbing  the  dephlogisticated  air;  and  when  I  first 
read  the  account,  I  thought  this  the  most  probable  cause  of  the  difference 
in  the  result  of  our  experiments;  but  I  am  now  inclined  to  think  that  the 
case  was  otherwise.   From  the  manner  in  which  M.  Van  Marum  expresses 

^  This  is  rather  more  than  half  of  that  requisite  to  saturate  the  soap-lees. 


the  Formation  of  nitrous  Acid 


•23" 

himself,  it  seems  that  the  only  circumstance,  from  which  they  concluded 
that  the  aJkaJi  was  not  saturated,  was  the  imperfect  marks  of  deflagration, 
that  the  paper  dipped  into  it  exhibited  in  burning;  which,  as  we  have  seen, 
might  proceiad  as  well  from  some  of  the  mercury  having  been  dissolved  as 
from  the  alkali  not  being  saturated.  I  am  much  inclined  to  think,  therefore, 
that,  so  far  from  the  soap-lees  not  having  been  saturated,  the  quantity  of 
acid  produced  was  in  reality  much  more  than  sufficient  for  this  purpose, 
and  had  dissolved  a  good  deal  of  tlie  mercury;  for  the  quantity  of  air 
absorbed  favours  this  opinion,  and  the  phjenomena  agree  well  with  Mr. 
Gilpin's  first  experiment,  in  which  this  was  certainly  the  case;  whereas,  if 
the  diminution  had  proceeded  chiefly  from  the  dephlogisticated  air  being 
absorbed  by  the  iron,  the  tube  towards  the  end  of  the  experiment  would 
have  been  filled  chiefly  with  phlogisticated  air.  which  would  have  made  the 
diminution  proceed  much  slower  than  before;  but  we  are  told,  that  it  went 
on  as  fast  as  ever.  It  is  most  likely,  therefore,  that  the  apparent  disagree- 
ment between  their  experiment  and  mine  proceeded  only  from  their  having 
continued  the  process  too  long,  and  from  their  not  having  properly  ex- 
amined the  produce. 

M.  Van  Marum  then  proceeds  to  say: 

Siirpris  de  cette  difference  de  resultat  j'envoyai  une  description  exacte  de  nos 
experiences  k  M.  Cavendish,  le  priant  en  nieme  terns  de  m'instruire  s'il  pourroit 
trouver  la  cause  de  cette  difference;  et  comme  la  seule  difference  essentielle,  par 
laquelle  notre  experience  differoit  de  celle  de  M.  Cavendish,  consistoit  en  ce  que 
nous  avons  employ^  de  fair  pur  produit  du  precipite  rouge  ou  du  minium,  au 
lieu  de  I'air  pur  produit  de  la  poudre  noire  fonnee  par  I'agitation  du  niercure 
avec  le  plomb,  doiit  M.  Cavendish  ne  donne  pas  la  maniere  de  le  produire',  je 
le  priai  de  me  conuiiuniquer  de  quelle  maniere  il  ^toit  venu  a  cet  air,  parceque 
je  desirois  de  r^p^ter  I'experieiice  avec  ce  mfime  air:  mais  comme  il  ne  m'a 
fourni  aucune  Elucidation  sur  la  cause  vraisemblable  de  la  difference  du  resultat 
de  nos  cxp6riences,  et  qu'il  ne  lui  a  pas  plu  de  me  communiquer  sa  maniere  de 
produire  I'air  pur  qu'il  avoit  employ^  pour  ses  experiences,  m'ecrivant,  qu'il 
s'etoit  propose  d'en  parler  dans  un  ecrit  public,  la  longueur  ennuyante  de  ces 
experiences  nous  a  fait  prendre  la  resolution  de  difl^erer  leur  continuation,'  pour 
obtenir  une  parfaite  saturation  de  la  lessive,  jusqu'4  ce  que  M.  Cavendish  ait 
pubUe  sa  maniere  de  produire  I'air  pur,  dont  il  s'est  servi,  nous  contentaiit  pour 
le  present  d'avoir  vu,  que  I'union  du  principe  d'air  pur  et  de  la  mofette  produit 
de  I'acide  nitreux.  suivant  la  decouverte  de  M.  Cavendish, 

t  The  using  tbe  iron  wire  formed  a  material  difl'erence  in  our  manner  of  con- 
ducting the  experiment,  and  one  which  may,  perhaps,  have  had  great  influence  on 
the  result;  but  I  do  not  see  how  the  using  some  other  kind  of  dephlogisticated  air, 
instead  of  that  prepared  from  Dr.  Priestley's  black  powder,  can  in  the  least  degree 
form  an  essential  difference,  as  in  the  same  paragraph  in  which  I  mention  my  having 
used  this  kind  of  air  in  my  first  experiment,  I  say,  that  in  my  second  experiment 
I  used  air  prepared  from  turbith  mineral. 
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As  I  should  be  sorry  to  be  thought  to  have  refused  any  necessary  in- 
formation to  a  Gentleman  who  was  desirous  to  repeat  one  of  my  experi- 
ments, and  who  by  his  situation  was  able  to  do  it  with  less  trouble  than 
any  one  else,- 1  hope  the  Society  will  indulge  me  in  adding  a  copy  of  my 
answer,  that  they  may  judge  whether  this  is  in  any  degree  a  fair  represen- 
tation of  it. 

^.  To  M.  Van  Marum. 

Su", 

I  received  the  honour  of  your  letter,  in  which  you  inform  me  of  your  ill 

success  in  trying  my  experiment  on  the  conversion  of  air  into  nitrous  acid  by 

the  electric  spark.    It  is  very  difficult  to  guess  why  an  experiment  does  not 

succeed,  unless  one  is  present  and  sees  it  tried;  but  if  you  intend  to  repeat  the 

experiment,  your  best  way  will  be  to  try  it  with  the  same  kind  of  apparatus  that 

I  described  in  that  Paper.  If  you  do  so,  and  observe  the  precautions  there 

mentioned,  I  flatter  myself  you  will  find  it  succeed.   The  apparatus  you  used 

seems  objectionable,  on  account  of  the  danger  of  the  iron  being  corroded  by 

absorbing  the  dephlogisticated  air. 

As  to  the  dephlogisticated  air  procured  from  the  black  powder  formed  by 

agitating  mercury  mixed  with  lead,  as  it  was  foreign  to  the  subject  of  the  Paper, 

and  as  I  proposed  to  speak  of  it  in  another  place,  I  did  not  describe  my  method 

of  procuring  it.  As  far  as  I  can  perceive,  the  success  depends  intirely  on  carefully 

avoiding  every  thing  by  which  the  powder  can  absorb  fixed  air,  or  become  mixed 

with  particles  of  an  animal  or  vegetable  nature,  or  any  other  inflammable 

matter:  for  which  reason  care  should  be  taken  not  to  change  the  air  in  the 

bottle  in  which  the  mercury  is  shaken,  by  breathing  into  it,  as  Dr.  Priestley 

did,  or  even  by  blowing  into  it  with  a  bellows,  as  thereby  some  of  the  dust  from 

the  bellows  may  be  blown  into  it.  The  method  which  I  used  to  change  the  air 

was,  to  suck  it  out  by  means  of  an  air-pump,  through  a  tube  which  entered  into 

the  bottle,  and  did  not  fill  up  the  mouth  so  close  but  what  air  could  enter  in 

from  without,  to  supply  the  place  of  that  drawn  out  through  the  tube. 

I  am,  &c. 

With  regard  to  the  main  experiment,  it  was  not  in  my  power  to  give 
him  further  information  than  I  did;  as  I  pointed  out  the  only  circumstance 
to  which,  at  that  time,  I  could  attribute  the  difference  in  our  results.  And 
with  regard  to  the  manner  of  preparing  the  dephlogisticated  air  from  the 
black  powder,  I  have  mentioned  all  the  particulars  in  which  my  manner 
of  proceeding  differed  from  Dr.  Priestley's,  and  have  also  explained  on 
what  I  imagine  the  success  intirely  depends;  so  that,  I  believe,  no  one  at 
all  conversant  in  this  kind  of  experiments  will  think  that  I  did  not  com- 
municate to  him  my  method  of  procuring  that  air. 
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X.  On  the  Height  of  the  Luminous  Arch  which  -was 
seen  on  Feb.  23,  1784.  By  Henry  Cavendish,  Esq., 
F.R.S.  andA.S. 


Read  February  25,  1790 

I  Hisarchwasobserved.at  the  same  time,  at  Cambridge  by  Mr.  Wollaston; 
at  Kimbolton  in  Huntingdonshire,  by  the  Rev.  Mr.  Hutchinson;  and  at 
Blockley  near  Campden  in  Gloucestershire,  by  Mr.  Franklin;  and  is  de- 
scribed in  letters  from  those  gentlemen  read  to  the  Royal  Society  in 
December  1786'. 

It  has  been  remarked,  that  as  the  arches  of  the  kind  described  in  these 
Papers  have  usually  but  a  very  slow  motion,  their  height  above  the  surface 
of  the  earth  may  readily  be  determined,  provided  they  are  observed  about 
the  same  time,  at  places  sufficiently  distant ;  and  they  seem  to  be  the  only 
meteors  of  the  aurora  kind  whose  height  we  have  any  means  of  ascer- 
taining. 

The  three  places  at  which  this  phenomenon  was  seen  are  not  so  well 
suited  for  this  purpose  as  might  at  first  be  expected  from  their  distance, 
because  they  lie  too  much  in  the  direction  of  the  arch;  they  however  seem 
sufficient  to  determine  its  height  within  certain  limits,  and  perhaps  are  as 
well  adapted  for  it  as  any  observations  we  are  hkely  to  have  of  such 
phienomena. 

The  latitude  of  Cambridge  is  52°  12'  36" :  that  of  Kimbolton  is  said  by 
Mr.  Hutchinson  to  be  52°  20',  and,  according  to  the  survey  of  Huntingdon- 
shire, pubhshed  by  Jefferies,  is  52°  ig'  50";  so  that  we  may  suppose  it  to 
be  seven  geographical  miles  north  of  Cambridge,  and  by  the  maps  it  seems 
to  be  about  18  such  miles  west  of  it:  and  Blockley  is  by  the  map  12  geo- 
graphical miles  south  and  72  west  of  Cambridge. 

At  Cambridge  the  observations  of  its  track  seem  to  have  been  made  at 
about  9  h.  15'  P.M.  or  8  h.  sidereal  time.  At  Kimbolton,  allowing  for  the 
difference  of  meridians,  they  could  hardly  have  been  made  more  than  5' 
sooner;  and  at  Blockley  they  were  most  likely  made  nearly  at  the  same 
times  as  at  Cambridge. 

»  See  pp.  43-46,  of  this  Volume  [ie.  Vol.  80  ai  the  Phil.  Trans.]- 
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At  Blockley  the  arch  passed  about  7°  south  of  the  zenith;  but  it  is 
unnecessary  to  determine  this  point  with  precision.  At  Kimbolton  it  was 
foimd  by  a  quadrant  to  pass  11°  to  the  south  of  it;  and  at  Cambridge  it 
was  observed  to  pass  through  8  and  €  Tauri,  j3  Aurigae,  0  Ursae  majoris.  Cor 
Caroh,  and  Arcturus.  Now,  if  an  arch  was  drawn  through  these  stars,  it 
must,  I  think,  have  appeared  sensibly  waved  to  the  eye;  whereas  Mr. 
Wollaston  did  not  take  notice  of  any  crookedness  in  this  part  of  its  course. 
It  is  most  Ukely,  therefore,  that  the  middle  of  the  arch  must  have  passed 
to  the  south  of  j3  Aurigae,  and  to  the  north  of  d  Ursae ;  and  if  a  circle  is  drawn 
through  8  Tauri,  Arcturus,  and  a  point  one  degree  north  of  the  zenith,  it 
will  differ  but  little  from  a  great  circle,  will  agree  as  well  with  the  positions 
of  these  stars  as  any  regular  line  which  can  be  drawn,  and  will  pass  2\ 
degrees  below  j3  Aurigae,  and  as  much  above  d  Ursae ;  which  is  not  a  greater 
difference  from  observation  than  may  well  have  taken  place,  considering 
how  much  care  and  acquaintance  with  the  fixed  stars  are  required  to 
determine  a  path  by  them  so  nearly. 

The  direction  of  the  arch  here  described  in  that  part  near  the  zenith  is 
W.  18°  S. ;  and  if  a  line  is  drawn  through  Cambridge  in  this  direction, 
Kimbolton *is  12,8  geographical  miles  north  of  it;  and  therefore,  as  the 
arch  appeared  12°  more  south  at  Kimbolton  than  at  Cambridge,  the  height 
of  the  arch  above  the  surface  of  the  earth  must  be  61 J  geographical  or  71 
statute  miles.  If  we  suppose  that  the  middle  of  the  arch  really  passed 
through  j3  Aurigae,  the  height  comes  out  52  statute  miles.  On  the  whole, 
I  should  think,  the  height  could  hardly  be  less  than  52  miles,  and  is  not 
likely  to  have  much  exceeded  71. 

The  common  aurora  borealis  has  been  supposed,  with  great  reason,  to 
consist  of  parallel  streams  of  light  shooting  upwards,  which,  by  the  laws  of 
perspective,  appear  to  converge  towards  a  point ;  and  when  any  of  these 
streams  are  over  our  heads,  they  appear  actually  to  come  to  a  point,  and 
form  a  corona.  Hence,  from  analogy,  it  seems  not  imUkely,  that  these 
luminous  arches  may  consist  of  parallel  streams  of  light,  disposed  so  as  to 
form  a  long  thin  band,  pretty  broad  in  its  upright  direction,  and  stretched 
out  horizontally  to  a  great  length  one  way,  but  thin  in  the  opposite 
direction.  If  this  is  the  case,  they  will  appear  narrow  and  well-defined  to 
an  observer  placed  in  the  plane  of  the  band;  but  to  one  placed  at  a  little 
distance  from  it,  they  will  appear  broader,  fainter,  and  less  well-defined; 
and  when  the  observer  is  removed  to  a  great  distance  from  the  plane,  they 
will  vanish,  or  appear  only  as  an  obscure  ill-defined  light  in  the  sky. 

There  are  two  circumstances  which  rather  confirm  this  conjecture: 
first,  that  though  we  have  an  account  of  another  arch  besides  this^  having 
been  seen  at  great  distances  in  the  direction  of  the  arch,  we  have  none  of 
any  having  been  seen  in  places  much  distant  from  each  other  in  the  con- 
trary direction;  and,  secondly,  that  most  of  them  have  passed  near  the 
*  That  of  Feb.  15,  1750.    PhiL  Trans,  xlvi.  pp.  472  and  647. 
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zenith,  whereas  otherwise  they  ought  frequently  to  appear  in  other  situa- 
tions; for  if  they  appeared  near  the  zenith  to  an  observer  in  one  latitude, 
they  should  appear  in  a  very  different  situation  in  a  latitude  much  different 
from  that. 

I  wish  it  to  be  understood,  however,  that  I  do  not  offer  this  as  a  theory 
of  which  I  am  convinced ;  but  only  as  an  hypothesis  which  has  some  prob- 
ability in  it,  in  hopes  that  by  encouraging  people  to  attend  to  these  arches, 
it  may  in  time  appear  whether  it  is  true  or  not.  If  it  should  hereafter  be 
found,  that  these  arches  are  never  seen  at  places  much  distant  from  each 
other  in  a  direction  perpendicular  to  the  arch,  it  would  amount  almost  to  a 
proof  of  the  truth  of  the  hypothesis;  but  if  they  ever  are  seen  at  the  same 
time  at  such  places,  it  would  shew  that  the  hypothesis  is  not  true. 

Supposing  the  hypothesis  to  be  well-founded,  the  height  above  deter- 
mined will  answer  to  the  middle  part  of  the  band,  provided  the  breadth  of 
it  was  small  in  respect  of  its  distance  from  the  earth,  but  otherwise  will  be 
considerably  below  the  middle.  If  the  breadth  of  the  band  was  equal  to  the 
distance  of  its  lower  edge  from  the  earth,  the  height  of  the  lower  edge 
would  be  three-fourths  of  that  above  foimd;  and  if  the  breadth  was  many 
times  greater,  would  be  half  of  it. 

In  the  common  aurora  boreaJis,  an  arch  is  frequently  seen  low  down  in 
the  northern  part  of  the  sky,  forming  part  of  a  small  circle.  What  this  is 
owing  to,  I  cannot  pretend  to  say;  but  it  is  likely  that  it  proceeds  from 
streams  of  light  which  appear  more  condensed  when  seen  in  that  direction 
than  in  any  other,  and  consequently  that  the  streams  which  form  the  arch 
to  an  observer  in  one  place  are  different  from  those  which  form  it  to  one 
at  a  distant  place,  and  consequently  that  no  conclusion  as  to  its  height 
can  be  drawn  from  observations  of  it  in  different  places.  Attempts,  how- 
ever, have  been  made  to  determine  the  height  of  the  aurora  from  such 
observations,  and  even  from  those  of  the  Corona* ;  though  the  latter 
method  must  surely  be  perfectly  fallacious,  and  most  likely  the  former  is 
so  too. 

'  Bergman.  Opusc.  Vol.  v. 
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XX.  On  the  Civil  Year  of  the  Hindoos,  and  its  Divi- 
sions ;  with  an  Account  of  three  Hindoo  Almanacs 
belonging  to  Charles  Wilkins,  Esq.  By  Henry 
Cavendish,  Esq. 

Read  June  21,  1792 

1  HOUGH  we  have  receiv^ed  much  information  concerning  the  astronomy  of 
the  Hindoos,  we  know  but  little  of  their  civil  year,  and  its  divisions;  and 
what  accoimts  of  it  we  have  received  vary  much  from  each  other,  owing 
partly,  as  will  be  seen,  to  different  methods  being  used  in  different  parts 
of  India.  As  it  occurred  to  me,  that  the  best  way  by  which  a  person  in 
Europe  could  clear  up  the  difficulties  in  this  subject,  would  be  to  examine 
the  patras,  or  almanacs,  published  by  the  Hindoos  themselves,  I  applied 
to  Mr.  Wilkins,  well  known  for  his  skill  in  the  Sanskreet  language,  who 
was  so  good  as  to  lend  me  three  such,  and  assist  me  in  finding  out  their 
meaning. 

One  of  them  was  procured  by  Mr.  Wilkins  at  Benares,  and  is  computed 
for  that  place.  The  second  came  from  Tanna,  in  the  island  of  Salsette, 
near  Bombay ;  but  it  appears  to  be  the  copy  of  a  Benares  patra,  as  it  is 
disposed  in  the  same  form  as  the  first,  and  is  adapted  to  the  same  latitude 
and  longitude.  The  third  is  computed  for  Nadeea,  a  town  of  Bengal, 
about  50  miles  N.  of  Calcutta,  almost  as  noted  for  learned  men  as  Benares, 
and  much  frequented  by  students  from  the  coast  of  Coromandel.  The 
language  of  all  three  of  them  is  a  corrupt  Sanskreet ;  but  the  last  is  written 
in  the  common  Bengal  character. 

It  appears  from  these  almanacs  that  the  ci\'il  year  is  regulated  very 
differently  in  different  parts  of  India;  but  before  I  speak  of  this  year,  it 
will  be  proper  to  mention  a  few  words  of  the  astronomical,  which  in  all 
parts  serves  to  regulate  the  civil  year. 

The  astronomical  year  begins  at  the  instant  when  the  sun  comes  to  the 
first  point  of  the  Hindoo  zodiac.  In  the  present  year,  1792,  it  began, 
according  to  the  principles  delivered  in  the  Surya  Siddhanta^,  on  April  9, 
at  22*»  14'  after  midnight  of  their  first  meridian,  which  is  about  41'  of 
time  west  of  Calcutta;  but  according  to  Mr.  Gentil's  account  of  the  Indian 

^  See  an  account  of  this  in  the  2d  volume  of  the  Asiatic  Researches. 
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astronomy,  it  began  3"  24'  earlier.  As  this  year,  however,  is  longer  than 
ours,  its  commencement  falls  continually  later  in  respect  of  the  Julian 
year  by  50'  26"  in  four  years. 

This  year  is  divided  into  12  months,  each  of  which  corresponds  to  the 
time  of  the  sun's  stay  in  some  sign,  so  that  they  are  of  different  lengths, 
and  seldom  begin  at  the  beginning  of-a  day. 

The  civil  day,  in  all  parts  of  India,  begins  at  sun-rise,  and  is  divided 
into  60  parts,  called  dandas,  which  arc  again  divided  into  60  palas. 

The  only  parts  of  the  Benares  patras  whicl)  are  of  any  material  use  lor 
my  purpose,  are  the  names  of  the  months  which  are  set  down  at  the  top 
of  each  page,  and  the  three  first  columns,  the  first  of  which  contains  the 
day  of  the  month,  according  to  the  civil  account,  the  next  the  day  of  the 
week,  and  the  third  the  time  at  which  the  lunar  ieelhee  ends;  but  as  many 
may  like  to  be  informed  of  the  nature  of  an  Hindoo  almanac.  I  shall  give 
an  account  of  the  remaining  parts  at  the  end  of  this  paper. 

In  those  parts  of  India  in  which  this  almanac  is  used,  the  civil  year  is 
lunisolar,  consisting  of  12  lunar  months,  with  an  intercalary  month  in- 
serted between  them  occasionally.  It  begins  at  the  day  after  the  new 
moon  next  before  the  beginning  of  the  solar  year^. 

The  lunar  month  is  divided  into  thirty  parts,  called  teethees ;  these  are 
not  strictly  of  the  same  length,  but  are  equal  to  the  time  in  which  the 
moon's  true  motion  from  the  sun  is  12°.  From  the  new  moon  till  the  moon 
arrives  at  12°  distance  from  the  sun,  is  called  the  first  teethee.  From  thence 
till  it  comes  to  24°,  is  called  the  second  teethee;  and  so  on  till  the  full 
moon ;  after  which  the  teethees  return  in  the  same  order  as  before. 

The  civil  day  is  constantly  called  by  the  number  of  that  teethee  which 
expires  during  the  course  of  the  day. 

'  My  reasons  for  saying  that  the  civil  year  begins  at  the  day  after  tlie  new  moon 
next  before  the  beginning  of  the  solar  year,  are  as  follow:  ist.  These  almanacs 
begin  ar  this  time.  and.  moreover,  the  year  of  VeekramSdeetya  and  S31avihana. 
which  is  set  down  at  the  top  of  each  page,  is  the  same  in  the  first  page  as  in  all  the 
following,  which  would  be  improper,  unless  the  year  began  at  this  time.  2dly.  In 
the  calculation  of  the  eclipse  of  the  sun.  in  P^re  Patouillet's  Memoir,  given  in  Bailly's 
Astfonomie  Indienne,  the  computation  is  made  for  the  new  moon  preceding  the 
beginning  of  the  solar  year,  and  yet  the  year  of  SSlavahana,  and  of  the  cycle  of  60, 
set  down  in  the  Memoir,  is  the  same  as  if  the  solar  year  was  already  begun.  3dly. 
PSre  du  Champ,  in  his  table  of  the  names  of  the  years  of  the  cycle  of  60,  given  in  the 
same  book,  had  added  to  some  of  them  the  corresponding  year  of  Christ,  together 
with  aday  of  the  month.  This  day,  in  all  of  them,  is  the  day  next  after  the  new  moon, 
preceding  the  beginning  of  the  solar  year:  and  though  no  explanation  is  given,  must 
evidently  be  intended  for  the  day  on  which  the  year  begins.  And.  4thly.  It  is  said 
in  the  Ayeen  Akbrty.  by  Abraham  Roger,  and.  I  believe,  some  other  authors,  that 
the  year  begins  at  this  time.  To  the  three  last  authorities,  indeed,  it  may  be  objected. 
that  they  are  taken  from  places  in  which  we  do  not  know  that  the  Benares  almanac 
is  used :  but  they  shew,  that  in  some  parts  of  India  the  year  b^fins  at  that  time,  and 
if  it  does  so  in  any  place,  it  most  likely  does  at  Benares, 


i 


238  Mr.  cavendish  on  the 

As  the  teethee  is  sometimes  longer  than  one  day,  a  day  sometimes 
occurs  in  which  no  teethee  ends.  When  this  is  the  case,  the  day  is  called 
by  the  same  number  as  the  following  day;  so  that  two  successive  days  go 
by  the  same  name. 

It  oftener  happens  that  two  teethees  end  on  the  same  day,  in  which 
case  the  number  of  the  first  of  them  gives  name  to  the  day,  and  there  is  no 
day  called  by  the  number  of  the  last ;  so  that  a  gap  is  made  in  the  order  of 
the  days. 

In  the  latter  part  of  the  month  the  days  are  counted  from  the  full 
moon,  in  the  same  manner  as  in  the  former  part  they  are  counted  from  the 
new  moon ;  only  the  last  day,  or  that  on  which  the  new  moon  happens,  is 
called  the  30th  instead  of  the  15th. 

It  follows  from  what  has  been  said,  that  each  half  of  the  month  con- 
stantly begins  on  the  day  after  that  on  which  the  new  or  full  moon  falls; 
only  sometimes  the  half  month  begins  with  the  second  day,  the  first  being 
wanting. 

The  manner  of  counting  the  days,  as  we  have  seen,  is  sufficiently 
intricate;  but  that  of  counting  the  months,  is  still  more  so. 

The  civil  year,  as  was  before  said,  begins  at  the  day  after  the  new 
moon ;  and  moreover,  in  the  years  which  have  an  intercalary  month,  this 
month  begins  at  the  day  after  the  new  moon;  but  notwithstanding  this, 
the  ordinary  civil  month  begins  at  the  day  after  the  full  moon.  To  make 
their  method  more  intelligible,  I  will  call  the  time  from  new  moon  to  new 
moon,  the  natural  month.  The  civil  month  Visakha  begins  at  the  day 
after  the  full  moon  of  that  natural  month  which  commences  at  the  begin- 
ning of  the  civil  year,  or,  in  other  words,  at  the  day  after  the  full  moon  of 
that  natural  month  during  which  the  sun  enters  the  first  Hindoo  sign. 
Jyeshtha  begins  on  the  day  after  the  full  moon  of  that  natural  month 
during  which  the  sun  enters  the  second  sign,  and  so  on.  The  names  of  the 
civil  months,  with  the  names  of  the  signs  which  the  sun  enters  during  the 
natural  month  at  the  full  moon  of  which  the  civil  month  begins,  are  given 
in  the  following  table,  [p.  239]  to  which  I  have  also  added  the  day  of  our 
month  when  the  sun  entered  that  sign  in  the  latter  part  of  the  year  1784, 
and  beginning  of  1785,  taken  from  the  Benares  almanac,  the  time  of  the 
day  being  counted  from  sun-rise,  and  expressed  in  the  Hindoo  manner. 

It  may  be  observed,  that  in  general,  Visakha  begins  at  the  day  after 
that  full  moon  which  is  nearest  to  the  instant  at  which  the  sun  enters  Mesha, 
whether  before  or  after;  however,  it  is  not  always  accurately  the  nearest. 
The  two  parts  of  each  month  are  distinguished  in  these  almanacs  by 
the  addition  of  the  syllables  vadee  and  soodha  to  the  name ;  thus  the  first 
half  of  Visakha,  or  that  from  the  day  after  the  full,  to  the  day  after  the 
new  moon  is  called  Visakha- vadee,  and  the  remainder  Visakha-soodha^ ; 

1  Soodha  signifies  clear,  pure,  or  complete;  but  the  iword  Vadee  is  not  to  be  found 
in  any  of  Mr.  Wilkins's  dictionaries. 


Chil  Tear  of  the  Hindoos  and  its  Divisions 


239 


civil  Month 

Sign 

Day  on  which  the  Q  e 

1784 

day,     dan 

Visakha 

Mesha 

April 

9.     37. 

Jyeshtha 

Vreesha 

May 

10.      34. 

Ashira 

Meetoona 

June 

II,         0, 

Siavana 

Karkata 

July 

12,     37. 

BhSdra 

Seengh. 

August 

13.       7. 

Asweena 

Kanya 

Sept. 

13,       7. 

Karteeka 

Tools 

Octob. 

13,     32. 

Margaseereha 

Vrecscheeka 

Nov. 

12,       25. 

Powsha 

Dhanoo 

Decern, 

II,     54. 
1785 

Magha 

Makara 

Jan. 

10,      13, 

Phalgoona 

Koombha 

Feb. 

8,     40, 

Chitra 

Mcena 

March 

10,     30. 

but,  I  believe,  the  more  usual  way  of  distinguishing  them  is  by  the  words 
kreeshna  paksha,  or  the  dark  side,  and  sook'la  paksha,  the  bright  side, 

A  consequence  of  this  way  of  counting  the  months  is,  that  the  first  half 
of  Chitra  falls  in  one  year,  and  the  latter  half  in  the  following  year. 

Whenever  the  sun  enters  no  sign  during  a  natural  month,  this  month  is 
intercalary,  and  makes  an  irregularity,  which  may  best  be  explained  by  an 
example. 

In  the  year  1779.  the  sun  entered  into  no  sign  during  the  natural  month 
which  began  at  the  end  of  the  first  fortnight  of  Sravana;  accordingly  the 
whole  of  this  month  was  intercalary,  and  the  fortnight  which  preceded  it 
was  called  Neeja  Sravana  vadee,  instead  of  simply  Sravana  vadee,  as  it 
would  otherwise  have  been  named.  TTie  first  half  of  the  intercalary  month 
was  called  Adheeka  Sravana  soodha,  and  the  latter  half  Adheeka  Sravana 
vadec.and  the  fortnight  after  the  intercalary  month,  NcejaSravanasoodha'. 

It  appears,  therefore,  that  the  two  parts  of  the  month  where  the  inter- 
calation takes  place,  are  separated  from  each  other  by  the  interval  of  the 
whole  intercalary  month,  and  have  the  word  Neeja  prefi.xed  to  them;  and 
the  two  parts  of  the  intercalary  month  are  called  by  the  same  name,  but 
have  the  word  Adheeka  prefixed*. 

'  Adheeka  signifies  over  and  above,  or  intercalary.  Neeja  prefixed  to  the  name  of 
the  month  signifies  that  month  itself, 

•  What  has  been  here  said,  agrees  perfectly  with  Mr.  Wilkins's  almanacs:  the 
only  doubt  is.  whether  there  may  not  be  some  different  method  of  regulating  the 
month,  which  may  also  agree  with  these  almanacs,  and  may  be  the  true  one.  It  is 
proper,  therefore,  that  I  should  state  my  reasons  for  the  account  here  given,  Du 
Champ,  who  seems  a  very  accurate  writer,  says  (see  BaJlly,  p.  320)  that  he  was  in- 
formed by  a  Hindoo  calculator,  that  whenever  the  sun  enters  no  sign  duringa  lunar 
month,  that  month  is  doubled.  This  passage  agrees  veiy  well  with  these  almanacs, 
if  by  month  we  mean  the  tirae  between  two  new  moons;  but  disagrees  entirely  with 
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In  these  almanacs  no  notice  is  taken  of  the  solar  months,  notwith- 
standing  that  a  column  is  allotted  to  the  day  of  the  Mahometan  calendar, 
which  seems  to  shew  that,  in  the  countries  which  use  the  Benares  patra,  it 
is  not  customary  to  date  by  the  solar  month ;  for  it  is  very  unlikely  that 
the  computers  of  these  almanacs  should  have  given  the  days  of  the 
Mahometan  calendar,  and  yet  have  omitted  days  used  in  their  own. 

In  those  parts  of  India  which  use  the  Nadeea  patra,  the  case  is  quite 
different.  This  almanac  contains  the  name  of  the  solar  and  lunar  month, 
with  the  corresponding  days  of  the  week  and  solar  month,  and  the  number 
of  the  lunar  teethee  which  ends  on  those  days.  It  begins  with  the  day  after 
that  on  which  the  astronomical  year  commences.  This  is  marked  as  the 
first  of  the  month,  the  next  day  is  called  the  second,  and  so  on,  regularly 
to  the  end  of  the  month.  In  like  manner,  all  the  other  months  begin  on 
the  day  after  the  astronomical  commencement,  and  the  days  are  continued 
regularly  to  the  end,  so  that  the  number  of  days  in  the  month  varies  from 
29  to  32^. 

them  if  we  mean  by  it  the  time  between  two  full  mcx)ns ;  and  moreover,  in  Mr.  Wilkins's 
almanac  it  is  the  period  from  one  new  moon  to  another,  which  is  called  Adheeka. 
It  seems  certain,  therefore,  that  in  this  passage  the  word  month  must  mean  what 
I  have  called  the  natural  month ;  and  that  the  rule  for  intercalation  is  such  as  I  have 
mentioned,  namely,  that  it  shall  take  place  whenever  the  sun  enters  no  sign  during 
the  natural  month.  It  is  certain  also  that  the  ordinary  civil  month  begins  at  the 
day  after  the  full  moon;  and  granting  these  two  points,  I  cannot  see  any  way  in 
which  the  months  can  be  regulated  so  as  to  differ  in  substance  from  what  I  have  said. 

*  Perhaps  I  do  not  express  myself  accurately  in  saying  that  the  civil  month 
begins  at  the  day  after  the  commencement  of  the  astronomical.  It  is  true,  that  in 
this  almanac  it  is  the  day  after  the  commencement  of  the  astronomical  month,  which 
is  marked  by  the  number  one ;  but  it  must  be  observed  that  the  Hindoos  count  by 
years  complete,  not  by  years  current:  for  example,  the  year  1000  of  the  Kalee  Yug 
begins  at  the  time  when  1000  years  are  completed  from  the  Kalee  Yug;  and  it  is 
likely  that  the  same  manner  of  counting  is  adopted  with  regard  to  days,  so  that  the 
day  of  the  month  marked  one,  does  not  signify  the  first  day,  but  the  day  which 
begins  at  the  expiration  of  the  first  day,  and  consequently  that  the  civil  month 
begins  at  the  sun-rise  of  the  day  on  which  the  astronomical  month  begins.  I,  how- 
ever, have  chosen  to  say  that  it  begins  at  the  day  after,  partly  because  I  am  not  sure 
that  the  foregoing  is  the  true  meaning  of  the  Hindoos,  and  partly  because  it  would 
have  been  difficult  to  express  myself  in  such  manner  as  not  to  run  great  risk  of  being 
misunderstood,  if  I  had  done  otherwise.  'What  is  here  said  applies  equally  to  the 
lunar  month  in  this  and  the  Benares  almanacs. 

Though  it  is  foreign  to  the  subject  of  this  paper,  I  cannot  refrain  from  taking 
notice  of  an  error,  which  I  apprehend  many  European  astronomers  have  fallen  into, 
from  not  distinguishing  between  days  current  and  days  complete.  It  is  common  to 
say  that  the  astronomical  day  begins  twelve  hours  later  than  the  civil  day,  and  the 
nautical  day  twelve  hours  sooner;  and  it  is  true  that  the  hour,  which,  according  to 
the  civil  account  is  called  one  in  the  afternoon  of  the  first  of  January,  is  written  by 
astronomers  January  i<*i^,  but  this,  I  apprehend,  ought  not  to  be  read  i*»  on  the 
first  of  January,  but  i<*  and  1^  from  the  beginning  of  January,  so  that  in  reality  the 
astronomical  and  nautical  day  both  begin  i2*»  before  the  civil.  A  proof  of  the  truth 
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The  names  of  the  months  are  the  same  as  those  of  the  lunar  months  in 
the  Benares  patra,  Visakha  being  the  first,  or  that  which  corresponds  with 
the  sign  Mesha. 

The  lunar  months  begin,  not  at  the  fuU,  as  in  the  Benares  patra,  but 
at  the  new  moon,  and  are  called  by  the  name  of  that  solar  month  which 
ends  during  the  course  of  them;  for  example,  the  lunar  month,  during 
which  the  solar  month  Visakha  ends,  is  called  Chandra  (or  lunar)  Visakha, 
so  that  each  month  begins  a  fortnight  later  than  by  the  Benares  patra. 

The  teethees  do  not  recommence  at  the  full  moon,  but  are  continued 
to  the  end  of  the  month,  or  to  the  30th.  In  other  respects  they  are  counted 
as  in  the  Benares  patra ;  that  is,  the  same  notation  is  used  whenever  a  day 
occurs  in  which  no  teethee  ends,  or  when  two  teethees  end  on  the  same 
day. 

Unluckily  no  intercalary  month  occurred  in  the  year  for  which  this 
almanac  was  computed,  so  that  it  gives  us  no  information  about  the 
method  of  intercalation;  but  from  analogy  we  may  conclude,  that  those 
lunar  months  in  which  the  sun  enters  no  sign  are  intercalary,  and  are 
called  by  the  name  of  either  the  preceding  or  following  month,  with  the 
addition  of  some  word  to  denote  that  they  are  intercalary^. 

As  the  Nadeea  almanac  begins  with  the  day  after  the  commencement 
of  the  solar  year,  and  gives  the  day  of  the  solar  month,  which  the  Benares 
patra  does  not,  it  affords  rfeason  to  think  that  the  custom  of  that  part  of 
India  in  which  it  is  used,  is  to  date  by  the  solar  month,  and  begin  the  year 
on  the  next  day  to  the  astronomical  year ;  and  accordingly  Mr.  Willdns 
informs  me,  that  the  Hindoos  of  Bengal,  in  all  their  common  transactions, 
date  according  to  solar  time,  and  use  what  is  commonly  called  the  Bengal 
era,  but  in  the  correspondence  of  the  Brahmins,  dating  books,  and  regu- 
lating feasts  and  fasts,  they  generally  note  the  teethee;  and  if  the  year  is 
mentioned,  it  is  often  that  of  Veekramadeetya,  sometimes  that  of  Salava- 
hana,  but  more  frequently  the  vulgar  Bengal  year. 

From  what  has  been  said,  it  appears,  that  the  Hindoo  civil  months, 
both  solar  and  lunar,  consist,  neither  of  a  determinate  number  of  days, 
nor  are  regulated  by  any  cycle,  but  depend  solely  on  the  motions  of  the 
sun  and  moon,  so  that  a  Hindoo  has  no  way  of  knowing  what  day  of  the 
month  it  is,  but  by  consulting  his  almanac;  and  what  is  more,  the  month 
ought  sometimes  to  begin  on  different  days,  in  different  places,  on  account 
of  the  difference  in  latitude  and  longitude,  not  to  mention  the  difference 
of  this  is,  that  in  astronomical  tables  the  place  of  the  heavenly  t>odiea  set  down  for 
the  beginning  of  the  year,  is  the  place  for  noon  of  the  last  civil  day  of  the  preceding 
year;  and  moreover,  in  HaJley's  tables  this  place  is  said  to  t>efln«is7u/ionij  ineunttbus, 
which  shews  that  he  thought  that  this  was  not  merely  a  practice  used  for  the  sake 
of  convenience,  but  that  the  year  actually  begins  at  tliis  time. 

>  The  Chinese,  who.  like  the  Hindoos,  consider  that  lunar  month  as  intercalary 
in  which  the  sun  enters  no  sign,  call  it  by  the  same  name  as  the  preceding  month; 
and  it  is  likely  that  the  Bengalese  do  so  too. 
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which  may  arise  from  errors  in  computation.  The  inconvenience  with 
which  this  must  be  attended  seemed  so  great  to  me,  that  two  or  three 
years  ago,  by  the  assistance  of  Sir  Joseph  Banks,  I  proposed  a  query  on 
the  subject  to  Mr.  Davis,  author  of  the  very  valuable  paper,  in  the  Asiatic 
Researches,  on  the  Hindoo  astronomy,  inquiring  whether  any  method  was 
taken  to  avoid  the  ambiguity,  and  was  favoured  with  the  following  answer. 

My  Pundit,  and  others  with  whom  I  have  conversed  on  the  subject,  although 
well  aware  of  the  circumstance  (that  the  month  may  begin  on  different  days  in 
different  places)  do  not  think  the  ambiguity  thence  arising  of  much  consequence, 
nor  is  there  any  method  they  know  of  taken  to  avoid  it.  The  almanacs  in  com- 
mon use  are  computed  at  Benares,  Tirhut^,  and  Nadeea,  and  three  principal 
seminaries  of  Hindoo  learning  in  the  Comj)any's  provinces,  whence  they  are 
annually  dispersed  throughout  the  adjacent  country.  Every  Brahmin  in  charge 
of  a  temple,  or  whose  duty  it  is  to  announce  the  times  for  the  observance  of 
religious  ceremonies,  is  fmnished  with  one  of  these  almanacs;  and  if  he  be  an 
astronomer,  he  makes  such  corrections  in  it  as  the  difference  of  the  latitude  and 
longitude  render  necessary. 

The  beginning  of  the  solar  month  falling  on  different  days  of  the  week,  is 
not,  as  I  have  observed,  regarded;  but  a  disagreement  in  the  computation  of 
the  teethee,  which  sometimes  also  happens,  occasions  no  small  perplexity,  be- 
cause by  the  teethees,  or  lunar  days,  are  regulated  most  of  their  religious  festi- 
vals :  and  I  am  assured  that  an  instance  of  this  kind,  which  occurred  in  Cossim 
Ally's  time,  obliged  the  Rajah  of  Nadeea  to  settle  by  proclamation  which  of  the 
disputed  computations  should  be  regarded  as  the  true  one. 

To  the  best  of  Mr.  Wilkins's  knowledge,  the  Nadeea  almanac  is  used  all 
over  Bengal,  and  the  Benares  all  over  the  upper  part  of  India :  and  it  is 
Ukely,  therefore,  that  the  Tirhut  is  used  aU  over  Bahar;  but  of  the  nature 
of  this  almanac  I  have  no  information ;  only  to  judge  from  the  date  of  thfe 
inscription  found  at  Mongueer*,  it  is  more  likely  to  agree  with  the  Nadeea 
than  Benares  patra. 

As  one  of  Mr.  Wilkins's  Benares  patras  came  from  Salsette,  we  may 
conclude  that  this  almanac  is  in  use  in  that  part  of  India.  The  inscriptions 
too,  foimd  at  Salsette  and  Delhi*,  confirm  the  opinions  that  this  manner  of 
dating  is  in  use  in  both  those  places,  as  both  are  dated  by  the  day  of  the 
bright  side  of  the  moon. 

It  appears  from  P.  du  Champ,  and  P.  Patouillet,  and  I  beUeve  I  may 
add  Abraham  Roger,  that  in  the  part  of  India  from  which  they  write,  the 
civil  year  begins  at  the  new  moon  before  the  beginning  of  the  astronomical 
year*;  which  seems  to  shew  that  the  Benares  manner  of  dating  is  in  use  in 

^  A  district  in  North  Bahar. 

*  Asiatic  Researches,  vol.  i.  p.  127. 

'  Asiatic  Researches,  vol.  i.  pp.  363  and  379. 

*  Narsapour,  from  which  P.  Patouillet  writes,  is  near  the  coast,  and  in  the 
latitude  of  16^^  N.  Chrisnabouram,  from  which  P.  du  Champ's  Memoir  is  sent,  is  in 
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great  part  of  the  coast  of  Coromandel ;  but  there  is  some  reason  to  think, 
that  in  the  neighbourhood  of  Madras  and  Pondicherry,  they  date  in  a 
manner  different  from  that  used  either  at  Benares  or  Nadeea :  for  Mr,  Gentil 
makes  the  month  Chitra  or  Sitterey,  as  he  spells  it,  correspond  with  the 
sign  Mesha,  in  which  he  agrees  with  an  alamanac  published  by  an  European 
at  Madras,  which  seems  to  shew  that  in  those  places  they  date  by  solar 
months,  but  make  Chitra  correspond  with  the  first  sign. 

Mr.  Wilkins  thinks  he  has  heard  of  one  or  two  places  on  the  east  coast 
of  the  Peninsula,  and  in  particular  Orissa,  at  wtiich  almanacs  are  computed ; 
but  he  is  not  acquainted  with  the  nature  of  them. 

I  shall  now  give  a  more  particular  account  of  the  three  almanacs.  The 
two  Benares  patras  are  preceded  by  a  preface,  which  begins  with  an 
invocation  to  the  Deity,  and  then  gives  a  whimsical  account  of  the  four 
Yoogas,  or  ages,  and  of  the  inferiority  of  each  succeeding  age  to  that  pre- 
ceding it,  and  concludes  with  astrological  remarks. 

There  are  no  titles  to  any  of  the  columns  of  which  the  almanacs  are 
composed,  nor  is  any  explanation  of  them  given  in  any  part  of  the  work ; 
but  by  a  careful  examination  of  the  numbers,  a  person  acquainted  with 
astronomical  computations  may,  without  much  difficulty,  find  out  their 
meaning. 

The  calendar  part  contains  one  page  for  each  half  of  the  lunar  month. 
At  the  top  of  each  page  is  given  the  year  of  the  eras  of  Veekramadeetya 
and  Salavahana.  After  this  comes  the  name  of  the  month,  and  in  one 
almanac  is  given  also  the  name  and  number  of  the  month  used  by  the 
Mahometans. 

The  part  below  this  consists  of  eleven  columns.  The  first  gives  the  day 
of  the  month,  according  to  the  civil  reckoning;  the  next  the  day  of  the 
week;  and  the  two  following  contain  the  time  of  the  day,  that  is  the  danda 
and  pala  at  which  the  lunar  teethee  ends.  The  fifth  column  contains  the 
name  of  the  nakshatra'  which  the  moon  quits  during  the  course  of  the 
day;  and  the  two  next  shew  the  time  at  which  she  quits  it. 

The  next  three  columns  are  very  odd;  they  serve  to  shew  the  moon's 
place  in  what  may  be  called  a  moveable  zodiac,  the  first  point  of  which 
moves  backwards  with  the  same  velocity  with  which  the  sun  moves  for- 
wards, and  coincides  with  the  sun  at  the  beginning  and  middle  of  the 
Hindoo  year,  This  zodiac  is  divided  into  twenty-seven  equid  parts,  and 
the  first  of  these  three  columns  gives  the  name  of  the  27th  part  which  the 
moon  quits  during  the  course  of  the  day,  and  the  two  others  the  time  at 
which  she  quits  it.  1  do  not  know  what  use  these  columns  can  be  applied 

nearly  the  same  latitude,  but  about  z°  inland,  and  Paliacat,  where  Abraham  Roger 
resided,  is  on  the  coast,  in  the  latitude  of  13"!,  or,near  }  a  degree  N.  of  Madras. 
This  author,  however,  has  expressed  himseU  so  inaccurately,  that  I  am  not  sure 
whether  they  begin  the  year  at  that  time  or  not. 
'  Otherwise  called  the  i-;  lunar  mansions. 
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to,  unless  that  of  astrology.  No  trace  of  any  thing  of  the  kind  has  occurred 
to  me  in  any  account  of  the  Hindoo  astronomy^. 

In  these  columns  the  names  of  the  days  of  the  week,  and  nakshatras, 
are  expressed  by  the  first  syllable  of  the  word. 

The  last  column  is  the  day  of  the  month  used  by  the  Mahometans. 

As  no  explanation  of  these  columns  is  given  in  the  almanacs,  it  will  be 
proper  to  mention  my  reasons  for  supposing  them  to  be  such  as  I  have 
asserted. 

The  numbers  in  the  third  and  fourth  colmnns  increase  while  the  moon 
is  near  her  apogee,  and  diminish  during  the  rest  of  the  month,  which  shevirs 
that  it  must  be  the  time  at  which  the  moon  completes  some  part  of  a 
revolution ;  and  by  examining  these  numbers  during  twelve  revolutions  of 
the  moon  in  anomaly,  it  appears  that  the  moon  moves  over  336  of  these 
parts  in  330**  4i^an-  ^y^^-  which  differs  very  little  from  the  time  answering 
to  336  teethees,  so  that  there  can  be  no  doubt  but  that  these  columns  shew 
the  time  at  which  the  teethee  ends.  But  a  further  proof  of  the  truth  of  it 
is,  that  the  time  given  in  these  columns  for  the  end  of  the  last  teethee  of 
each  half  month,  agrees  pretty  nearly  with  the  time  of  the  new  and  full 
moon  given  in  the  nautical  almanac,  after  allowing  for  the  difference  of 
longitude  between  Greenwich  and  Benares,  and  the  time  between  sun-rise, 
at  the  latter  place,  and  noon;  which  shews  also  that  the  time  in  these 
colmnns  is  reckoned  from  sun-rise,  as  might  naturally  be  expected. 

In  regard  to  the  moon's  place  in  the  nakshatras  and  moveable  zodiac, 
it  appears,  by  examining  the  fifth  and  eighth  columns,  that  in  each  of 
them  are  27  characters,  which  return  constantly  in  order,  except  when  the 
regularity  is  broken,  either  by  the  moon  quitting  two  spaces  in  the  same 
day,  or  by  not  quitting  any  one  space  in  the  day.  The  numbers  also,  both 
in  the  sixth  and  seventh,  and  in  the  ninth  and  tenth  columns,  increase 
when  the  moon  is  near  the  apogee,  and  diminish  when  she  is  near  the 
perigee,  which  shews  that  they  must  be  the  time  at  which  the  moon 
finishes  some  27th  part  of  a  revolution  of  one  kind  or  other;  and  by 
examining  the  alteration  of  the  numbers  during  twelve  revolutions  of  the 
moon  in  anomaly,  it  appears  first,  that  the  moon  describes  326  of  the 
spaces  given  in  the  fifth  column,  in  329**  g^dan.  ^gp*'  which  is  the  time  in 
which  the  moon  moves  over  that  number  of  nakshatras;  and  secondly, 
that  the  moon  describes  350  of  the  spaces  given  in  the  eighth  column  in 
329^'  36**^"-  48p»'  which  is  the  time  in  which  the  sum  of  the  mean  motions 
of  the  moon  and  sun  are  equal  to  350  27ths  of  a  circle ;  or  in  other  words, 
is  the  time  in  which  the  moon's  motion  in  the  moveable  zodiac  is  350  of 
these  27th  parts;  and  moreover,  I  cannot  find  any  other  27th  of  a  revolution 
of  the  moon  which  will  agree  with  this  time;  which  is  a  sufficient  proof 
that  the  numbers  in  the  ninth  and  tenth  columns  are  the  times  at  which 

*  From  a  circumstance  not  worth  mentioning,  I  find  that  the  place  of  the  moon 
in  this  moveable  zodiac,  is  called  the  Yug. 
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the  moon  quits  one  of  these  27th  parts  in  the  moveable  zodiac.  But  a  thing 
which  more  strongly  proves  the  truth  of  this,  and  which  also  shews  that 
the  first  point  of  this  moveable  zodiac  coincides  with  the  first  point  of  the 
fixed  zodiac,  when  the  sun  also  coincides  with  it,  is  this :  according  to  my 
supposition  it  is  evident,  that  whenever  the  sun  quits  a  nakshatra  at  the 
same  time  that  the  moon  quits  some  other  nakshatra,  the  moon  must  at 
the  same  time  quit  some  27th  part  of  the  moveable  zodiac;  and  conse- 
quently tliat  the  numbers  in  the  ninth  and  tenth  columns  should  agree 
with  those  in  the  sixth  and  seventh;  and  accordingly  we  find,  that  on  all 
the  days  of  the  year,  in  which  the  sun  quits  a  nakshatra,  the  numbers  in 
these  two  pairs  of  columns  are  nearly  alike. 

Underneath  these  eleven  columns  are  tables  of  the  diurnal  motion  and 
places  of  the  sun  and  five  planets,  and  of  the  moon's  node  in  the  Hindoo 
zodiac,  for  each  week  of  the  year;  and  between  these  tables  and  the  eleven 
columns  is  set  down  the  day  of  the  month  and  week,  and  number  of  the 
week  for  which  these  places  are  given,  and  also  the  interval  at  that  time 
between  sun-rise  and  midnight,  and  the  length  of  the  day.  The  day  of  the 
week  for  which  these  places  are  given,  is  that  which  is  the  first  in  the  current 
solar  year,  and  the  number  of  the  week  is  also  counted  from  the  beginning 
of  the  solar  year.  The  places  are  given  for  midnight. 

On  the  right  hand  of  the  eleven  principal  columns  is  a  space  allotted 
for  miscellaneous  occurrences.  In  this  is  set  down  the  time  at  which  the 
sun  enters  each  sign,  and  the  beginning  and  end  of  eclipses.  In  these  two 
jrears  no  solar  eclipses  were  visible,  but  the  end  of  the  lunar  ecHpse  is  de- 
noted by  a  Sanskreet  word,  signifying  delivery;  the  meaning  of  the  term 
used  for  the  beginning  is  not  so  clear.  The  number  of  digits  eclipsed  is  not 
set  down.  The  other  articles  in  this  space  consist  chiefly  of  the  time  at 
which  the  moon  and  planets  come  to  certain  situations.  Of  this  there  is 
not  a  great  deal  which  I  understand,  and  what  I  do,  is  not  worth  taking 
notice  of.  There  are  also  some  figures  and  tables  between  the  preface  and 
calendar,  which,  as  far  as  I  can  find,  relate  only  to  astrology. 

The  Nadeea  almanac  contains,  besides  the  articles  above-mentioned, 
the  time  of  the  day  at  which  the  limar  tecthce  ends,  the  number  of  rhe 
nakshatra  and  yug  (place  in  the  moveable  zodiac)  which  the  moon  quits 
on  that  day,  and  the  time  at  wfiich  she  quits  them,  besides  a  few  occasional 
remarks.  It  is  disposed  in  a  much  coarser  manner  than  the  Benares  patra, 
as  each  page  contains  as  many  days  as  it  will  hold,  so  that  the  month 
seldom  begins  at  the  beginning  of  a  page.  It  contains  no  preface,  and  no 
explanation  of  the  columns.  The  days  of  the  week  are  not  denoted  by  the 
first  syllables  of  the  name,  but  only  by  a  number,  expressing  their  order 
in  the  week,  which  caused  some  trouble  in  finding  what  day  was  meant 
by  these  numbers;  but,  by  a  variety  of  circumstances,  I  think  it  certain 
that  the  number  i  must  denote  Sunday. 
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Extract  of  a  Letter  from  Henry  Cavendish,  Esq. 
to  Mr.  Mendoza  y  Rios,  January^   '795 


[Addition  to  a  Paper  by  Joseph  de  Mendoza  jr  Rios,  entitled 
"Rccherchcs  sur  les  principaux  Problemes  de   rAstronomic 
((  Nautique."] 

W    - 

)/    ,  Read  December  22,  1796] 

ii    '  1  HE  methods  in  which  the  whole  distance  of  the  moon  and  star  is  com- 

ff  '  puted,  particularly  yours,  retjuire  fewer  operations  than  those  in  which 

tf :    ,  the  difference  of  the  true*  and  apparent  places  is  found;  but  yet,  as  in  the 

\'  former  methods,  it  is  necessjiry  either  to  take  proportional  |>arts,  or  to  use 

I     j  very  voluminous  tables;  I  am  much  inclined  to  prefer  the  latter.    This 

I   ' ,  induced  me  to  try  whether  a  ( onvenient  method  of  the  latter  kind  might 

r    '  not  be  deduced  from  tht*  fundamental  proposition  used  in  your  pat)er,  and 

*  I  have  obtaineil  the  following,  which  has  the  advantage  of  requiring  only 

short  tables,  and  wanting  only  one  proportional  part  to  be  taken,  and 
I  think  seems  shorter  than  any  of  the  kind  I  have  met  with. 

Let  //  and  H  be  the  apparent  and  true  altitude  of  the  star;  /  and  L  the 
apparent  and  true  altitude  of  the  moon,  g  and  G  the  apparent  and  true 
distance  of  the  moon  and  star.  Let  the  sine  and  cosine  oi  g^=z  d  and  S. 
the  sine  and  cosine  of  /  =  a  and  a,  the  sine  and  cosine  of  A  ==  6  and  fl; 
and  the  sine  of  the  actual  and  mean  horizontal  parallax  =  p  and  tt;  and  let 
the  sine  of  L  ^  a  —  w  -f  />r,  and  its  cosine  =^  a  (i  -f  /x  —  ^c)  and  let  the 
sine  of  H  ^b  ~  n,  and  its  cosine  =  j3  (i  -f  v). 
Then  the  cosine  of  G 

=  S  (i  -f  /x  -  />f)  (i  4- 1')  +  (a  -  w  +  pe)  (6  -  «)  -  aft  (i  -f  /a  -p€)  (i  +  i^), 
which  equals 

8  +  S/x  4-  8i/  —  Sp€  -f  S/xv  ~  Sp€v  +  ab  —  btn  -\-  bpe  —  an  +  nm  —  npe 

—  ab  —  abfi  -f  abp€  —  abv  —  abfiv  +  abvp€  =  S  -h  S/x+  hv  —  8/>€ 

—  bm  —  ba/jL  -f  bpe  -h  bap€  —  an  —  abv  -h  nm  —  npe  —  abfiv 


V 
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To  make  use  of  this  rule,  it  must  be  considered  tliat  the  quantity 
hfiv  —  hp^v  is  so  small  that  it  may  safely  be  disregarded;  but 

nm  —  npe  —  ab/iv  +  abvpf, 
if  the  altitudes  are  not  more  than  5",  may  amount  to  about  12",  and 
therefore  ought  not  to  be  neglected.  The  quantity  c  +  ae  also  differs  very 
little  from  one,  but  it  is  not  quite  equal  to  it.  Let  therefore  a  table  be 
made  under  a  double  argument,  namely,  the  altitudes  of  the  moon  and 
star,  giving  the  value  of 

nm  —  nne  —  ahftv  +  abvrre  +  bire  +  bane  —  bn, 
answering  to  different  values  of  these  altitudes,  which  call  A .  Let  a  second 
table  be  made  under  a  double  argument,  namely,  the  altitude  of  the  star 
and  the  apparent' distance  of  the  moon  and  star,  giving  the  value  of  Sc, 
which  call  D.  Let  a  third  table  be  made  with  the  observed  altitude  for 
argument,  giving  the  logarithm  of  aw  +  aV:  ^n<i  ^^^  this  quantity, 
answering  to  the  moon's  altitude,  be  called  M,  and  that  answering  to  the 
star's  altitiide,  N ;  observing  that  the  same  table  will  do  for  the  moon  and 
star;  but  a  fourth  table  should  be  made  for  the  sun,  so  as  to  include  its 
parallax;  and,  lastly,  let  a  fifth  table  be  made,  with  the  moon's  altitude 

for  argument,  gi\'ing  the  logarithm  of  —   --  ,  which  call  C.    Then  will 


cos  .  G  =  S  -  hapC 


bM     aN  , 


It  must  be  observed  that  SapC  —  Bpt 


^hP 


6+D-A. 


whereas  it  ought  to  equal 


hp€  —  5/x;  but  fj.  cannot  exceed  57",  and  the  horizontal  parallax  cannot 
differ  from  the  mean  by  more  than  ^  part  of  the  whole;  so  that  the  error 
arising  from  thence  cannot  exceed  3"  or  4".  This  small  error  however  may 
be  diminished  by  giving  the  quantity  C  for  more  than  one  horizontal 
parallax. 

Addition  to  the  foregoing  Letter. 

I  have  procured  tables  of  the  above-mentioned  kind  to  be  computed, 
which  are  intended  to  be  inserted  in  a  work  now  printing  by  Mr.  Mendoza 
y  Rios.  Allowance  is  made  in  them  for  the  alteration  of  the  refractive 
power  of  the  atmosphere,  which  is  done  by  two  new  tables,  one  giving  the 
correction  of  the  logarithms  M  and  N,  and  the  other  the  sum  of  the 
corrections  of  S/i  and  Si-.  Now  it  must  be  observed,  that  Ihe  quantities 
ft.  and  V  vary  only  from  57"  to  gi";  and  therefore  the  corrections  of  8^ 
and  Sf,  may,  without  any  material  error,  be  considered  as  the  same  at  all 
altitudes;  and  therefore  the  sum  of  the  corrections  may  be  comprehended 
in  a  table,  under  a  double  argument,  namely,  the  refractive  power  of  the 
atmosphere  and  the  apparent  distance. 

In  order  to  avoid  as  much  as  possible  the  inconvenience  arising  from 
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using  negative  quantities,  or  giving  different  cases,  the  table  D  is  con- 
tinued to  125**  of  apf)arent  distance,  and  the  numbers  in  the  table  A  are 
increased  by  0,0003,  so  as  to  make  them  always  positive ;  and  to  compen- 
sate this,  the  numbers  in  D  are  increased  by  0,0002,  and  those  in  the 
correction  of  8/i  -f  8v  by  0,0001.  It  was  foimd  proper  also  to  give  the 
table  C  for  four  different  values  of  horizontal  parallax. 

The  above  tables  are  short,  and  do  not  require  proportional  parts  to  be 
taken.  The  only  part  of  the  work  in  which  this  is  wanted,  is  in  finding  the 
angle  answering  to  the  natural  cosine  of  the  true  distance.  In  finding  the 
natural  cosine  of  the  apparent  distance  this  is  avoided,  by  neglecting  the 
odd  seconds  in  working  the  problem,  and  adding  them  to  the  result. 
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XXI.    Experiments  to  determine  the  Density  of  the 
Earth.  By  Henry  Cavendish,  £j^.,  F.R.S.  afidA.S. 


Read  Jul 


1798 


JVlANY  years  ago,  the  late  Rev.  John  Michell.  of  this  Society,  contrived  a 
method  of  determining  the  density  of  the  earth,  by  rendering  sensible  the 
attraction  of  small  quantities  of  matter;  but,  as  he  was  engaged  in  other 
pursuits,  he  did  not  complete  the  apparatus  till  a  short  time  before  his 
death,  and  did  not  live  to  make  any  experiments  with  it.  After  his  death, 
the  apparatus  came  to  the  Rev.  Francis  John  Hyde  Wollaston,  Jacksonian 
Professor  at  Cambridge,  who,  not  having  conveniences  for  making  experi- 
ments with  it,  in  the  manner  he  could  wish,  was  so  good  as  to  give  it 
to  me. 

The  apparatus  is  very  simple;  it  consists  of  a  wooden  arm,  6  feet  long, 
made  so  as  to  unite  great  strength  with  Httle  weight.  This  arm  is  suspended 
in  an  horizontal  position,  by  a  slender  wire  40  inches  long,  and  to  each 
extremity  is  hung  a  leaden  ball,  about  2  inches  in  diameter;  and  the  whole 
is  inclosed  in  a  narrow  wooden  case,  to  defend  it  from  the  wind. 

As  no  more  force  is  required  to  make  this  arm  turn  round  on  its  centre, 
than  what  is  necessary  to  twist  the  suspending  wire,  it  is  plain,  that  if  the 
wire  is  sufficiently  slender,  the  most  minute  force,  such  as  the  attraction 
of  a  leaden  weight  a  few  inches  in  diameter,  will  be  sufficient  to  draw  the 
arm  sensibly  aside.  The  weights  which  Mr.  Michell  intended  to  use  were 
8  inches  diameter.  One  of  these  was  to  be  placed  on  one  side  the  case, 
opposite  to  one  of  the  balls,  and  as  near  it  as  could  conveniently  be  done, 
and  the  other  on  the  other  side,  opposite  to  the  other  ball,  so  that  the 
attraction  of  both  these  weights  would  conspire  in  drawing  the  arm  aside; 
and,  when  its  position,  as  affected  by  these  weights,  was  ascertained,  the 
weights  were  to  be  removed  to  the  other  side  of  the  case,  so  as  to  draw  the 
arm  the  contrary  way,  and  the  position  of  the  arm  was  to  be  again  deter- 
mined; and,  consequently,  half  the  difference  of  these  positions  would  shew 
how  much  the  arm  was  drawn  aside  by  the  attraction  of  the  weights. 

In  order  to  determine  from  hence  the  density  of  the  earth,  it  is  necessary 
to  ascertain  what  force  is  required  to  draw  the  arm  aside  through  a  given 


250  Mr.  CAVENDISH'S  Experiments 

space.  This  Mr.  Michell  intended  to  do,  by  putting  the  arm  in  motion,  and 
observing  the  time  of  its  vibrations,  from  which  it  may  easily  be  com- 
puted^. 

Mr.  Michell  had  prepared  two  wooden  stands,  on  which  the  leaden 
weights  were  to  be  supported,  and  pushed  forwards,  till  they  came  almost 
in  contact  with  the  case;  but  he  seems  to  have  intended  to  move  them  by 
hand. 

As  the  force  with  which  the  balls  are  attracted  by  these  weights  is  ex- 
cessively minute,  not  more  than of  their  weight,  it  is  plain,  that 

^0,000,000 

a  very  minute  distiu*bing  force  will  be  sufficient  to  destroy  the  success  of 
the  experiment ;  and,  from  the  following  experiments  it  will  appear,  that 
the  distiu*bing  force  most  difficult  to  guard  against,  is  that  arising  from  the 
variations  of  heat  and  cold ;  for,  if  one  side  of  the  case  is  warmer  than  the 
other,  the  air  in  contact  with  it  will  be  rarefied,  and,  in  consequence,  will 
ascend,  while  that  on  the  other  side  will  descend,  and  produce  a  ciurent 
which  will  draw  the  arm  sensibly  aside*. 

As  I  was  convinced  of  the  necessity  of  guarding  against  this  source  of 
error,  I  resolved  to  place  the  apparatus  in  a  room  which  should  remain 
constantly  shut,  and  to  observe  the  motion  of  the  arm  from  without,  by 
means  of  a  telescope ;  and  to  suspend  the  leaden  weights  in  such  manner, 
that  I  could  move  them  without  entering  into  the  room.  This  difference 
in  the  manner  of  observing,  rendered  it  necessary  to  make  some  alteration 
in  Mr.  Michell's  apparatus;  and,  as  there  were  some  parts  of  it  which  I 
thought  not  so  convenient  as  could  be  wished,  I  chose  to  make  the  greatest 
part  of  it  afresh. 

Fig.  I.  (Tab.  XXIII.)  is  a  longitudinal  vertical  section  through  the 
instrument,  and  the  building  in  which  it  is  placed.  ABCDDCBAEFFE, 
is  the  case;  x  and  x  are  the  two  balls,  which  are  suspended  by  the  wires 
hx  from  the  arm  ghmh,  which  is  itself  suspended  by  the  slender  wire  gl. 
This  arm  consists  of  a  slender  deal  rod  hmh,  strengthened  by  a  silver  wire 

^  Mr.  Coulomb  has,  in  a  variety  of  cases,  used  a  contrivance  of  this  kind  for 
trying  small  attractions;  but  Mr.  Michell  informed  me  of  his  intention  of  making 
this  experiment,  and  of  the  method  he  intended  to  use,  before  the  pubUcation  of  any 
of  Mr.  Coulomb's  experiments. 

*  M.  Cassini,  in  observing  the  variation  compass  placed  by  him  in  the  Observa- 
tory, (which  was  constructed  so  as  to  make  very  minute  changes  of  position  visible, 
and  in  which  the  needle  was  suspended  by  a  silk  thread,)  found  that  standing  near 
the  box,  in  order  to  observe,  drew  the  needle  sensibly  aside;  which  I  have  no  doubt 
was  caused  by  this  current  of  air.  It  must  be  observed,  that  his  compass-box  was 
of  metal,  which  transmits  heat  faster  than  wood,  and  also  was  many  inches  deep; 
both  which  causes  served  to  increase  the  current  of  air.  To  Hiininish  the  effect  of 
this  current,  it  is  by  all  means  advisable  to  make  the  box,  in  which  the  needle  plays, 
not  much  deeper  than  is  necessary  to  prevent  the  needle  from  striking  against  the 
top  and  bottom. 
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hgh ;  by  which  means  it  is  made  strong  enough  to  support  the  balls,  though 
very  light'. 

The  case  is  supported,  and  set  horizontal,  by  four  screws,  resting  on 
posts  fixed  firmly  into  the  ground:  two  of  them  are  represented  in  the 
figm"e,  by  5  and  S :  the  two  others  are  not  represented,  to  avoid  confusion. 
GG  and  GG  are  the  end  walls  of  the  building.  W  and  W  are  the  leaden 
weights;  which  are  suspended  by  the  copper  rods  RrPrR,  and  the  wooden 
bar  rr,  from  the  centre  pin  Pp.  This  pin  passes  through  a  hole  in  the  beam 
HH,  perpendicularly  over  the  centre  of  the  instnmient,  and  turns  round 
in  it,  being  prevented  from  falling  by  the  plate  p.  MM  is  a  pulley,  fastened 
to  this  pin ;  and  Mm,  a  cord  wound  round  the  pulley,  and  passing  through 
the  end  wall ;  by  which  the  observer  may  turn  it  round,  and  thereby  move 
the  weights  from  one  situation  to  the  other. 

Fig.  2,  (Tab.  XXIV,}  is  a  plan  of  the  instrument.  AAAA  is  the  case. 
SSSS,  the  four  screws  for  supporting  it.  hh,  the  arm  and  balls.  W  and  W, 
the  weights.  MM,  the  pulley  for  moving  them.  When  the  weights  are  in 
this  position,  both  conspire  in  drawing  the  arm  in  the  direction  hW;  but, 
when  they  are  removed  to  the  situation  w  and  w,  represented  by  the 
dotted  lines,  both  conspire  in  drawing  the  arm  in  the  contrary  direction 
hw.  These  weights  are  prevented  from  striking  the  instrument,  by  pieces 
of  wood,  which  stop  them  as  soon  as  they  come  within  J  of  an  inch  of  the 
case.  The  pieces  of  wood  are  fastened  to  the  wall  of  the  building;  and 
I  find,  that  the  weights  may  strike  against  them  with  considerable  force, 
\vithout  sensibly  shaking  the  instrument. 

In  order  to  determine  the  situation  of  the  arm,  slips  of  ivory  are  placed 
within  the  case,  as  near  to  each  end  of  the  arm  as  can  be  done  without , 
danger  of  touching  it,  and  are  divided  to  2ofhs  of  an  inch.  Another  small 
slip  of  ivory  is  placed  at  each  end  of  the  arm.  serving  as  a  vernier,  and 
subdividing  these  divisions  into  5  parts;  so  that  the  position  of  the  arm 
may  be  observed  with  ease  to  looths  of  an  inch,  and  may  be  estimated  to 
less.  These  divisions  are  viewed,  by  means  of  the  short  telescopes  T  and 
T,  (fig.  I.)  through  slits  cut  in  the  end  of  the  case,  and  stopped  with  glass; 
they  are  enhghtened  by  the  lamps  L  and  L,  with  convex  glasses,  placed  so 
as  to  throw  the  light  on  the  divisions;  no  other  light  being  admitted  into 
the  room. 

The  divisions  on  the  slips  of  ivory  run  in  the  direction  Ww,  (fig.  z.)  so 
that,  when  the  weights  are  placed  in  the  positions  w  and  w.  represented  by 
the  dotted  circles,  the  arm  is  drawn  aside,  in  such  direction  as  to  make  the 


'  Mr.  Michell's  rod  was  entirely  of  wood,  and  was  much  stronger  and  stiiler  than 
this,  though  not  much  heavier;  but,  as  it  had  warped  when  it  came  to  me,  I  chose 
to  make  another,  and  preferred  this  form,  partly  as  being  easier  to  construct  and 
meeting  with  less  resistance  from  the  air,  and  partly  because,  from  its  being  of  a  less 
complicated  form,  I  could  more  easily  compute  how  much  it  was  attracted  by  the 
weights. 
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index  point  to  a  higher  number  on  the  slips  of  ivory;  for  which  reason, 
I  call  this  the  positive  position  of  the  weights. 

¥K,  (fig.  I.)  is  a  wooden  rod,  which,  by  means  of  an  endless  screw,  turns 
round  the  support  to  which  the  wire  gl  is  fastened,  and  thereby  enables  the 
observer  to  turn  round  the  wire,  till  the  arm  settles  in  the  middle  of  the 
case,  without  danger  of  touching  either  side.  The  wire  gl  is  fastened  to  its 
support  at  top,  and  to  the  centre  of  the  arm  at  bottom,  by  brass  clips,  in 
which  it  is  pinched  by  screws. 

In  these  two  figures,  the  different  parts  are  drawn  nearly  in  the  proper 
proportion  to  each  other,  and  on  a  scale  of  one  to  thirteen. 

Before  I  proceed  to  the  account  of  the  experiments,  it  will  be  proper  to 
say  something  of  the  manner  of  observing.  Suppose  the  arm  to  be  at  rest, 
and  its  position  to  be  observed,  let  the  weights  be  then  moved,  the  arm 
will  not  only  be  drawn  aside  thereby,  but  it  will  be  made  to  vibrate,  and 
its  vibrations  will  continue  a  great  while ;  so  that,  in  order  to  determine 
how  much  the  arm  is  drawn  aside,  it  is  necessary  to  observe  the  extreme 
points  of  the  vibrations,  and  from  thence  to  determine  the  point  which  it 
would  rest  at  if  its  motion  was  destroyed,  or  the  point  of  rest,  as  I  shall 
call  it.  To  do  this,  I  observe  three  successive  extreme  points  of  a  vibration, 
and  take  the  mean  between  the  first  and  third  of  these  points,  as  the 
extreme  point  of  vibration  in  one  direction,  and  then  assume  the  mean 
between  this  and  the  second  extreme,  as  the  point  of  rest;  for,  as  the 
vibrations  are  continually  diminishing,  it  is  evident,  that  the  mean  be- 
tween two  extreme  points  will  not  give  the  true  point  of  rest. 

It  may  be  thought  more  exact,  to  observe  many  extreme  points  of 
.  vibration,  so  as  to  find  the  point  of  rest  by  different  sets  of  three  extremes, 
and  to  take  the  mean  result ;  but  it  must  be  observed,  that  notwithstanding 
the  pains  taken  to  prevent  any  disturbing  force,  the  arm  will  seldom  re- 
main perfectly  at  rest  for  an  hour  together;  for  which  reason,  it  is  best 
to  determine  the  point  of  rest,  from  observations  made  as  soon  after  the 
motion  of  the  weights  as  possible. 

The  next  thing  to  be  determined  is  the  time  of  vibration,  which  I  find 
in  this  manner :  I  observe  the  two  extreme  points  of  a  vibration,  and  also 
the  times  at  which  the  arm  arrives  at  two  given  divisions  between  these 
extremes,  taking  care,  as  well  as  I  can  guess,  that  these  divisions  shall  be 
on  different  sides  of  the  middle  point,  and  not  very  far  from  it.  I  then 
compute  the  middle  point  of  the  vibration,  and,  by  proportion,  find  the 
time  at  which  the  arm  comes  to  this  middle  point.  I  then,  after  a  number 
of  vibrations,  repeat  this  operation,  and  divide  the  interval  of  time,  be- 
tween the  coming  of  the  arm  to  these  two  middle  points,  by  the  number 
of  vibrations,  which  gives  the  time  of  one  vibration.  The  following  example 
will  explain  what  is  here  said  more  clearly.    [See  p.  253.] 

The  first  column  contains  the  extreme  points  of  the  vibrations.  The 
second,  the  intermediate  divisions.  The  third,  the  time  at  which  the  arm 
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came  to  these  divisions;  and  the  fourth,  the  point  of  rest,  which  is  thus 
found:  the  mean  between  the  first  and  third  extreme  points  is  27,1,  and 
the  mean  between  this  and  the  second  extreme  point  is  24,6,  which  is  the 
point  of  rest,  as  found  by  the  three  first  extremes.  In  like  manner,  the 
point  of  rest  found  by  the  second,  third,  and  4th  extremes,  is  24,7,  and  so 
on.  The  fifth  column  is  the  time  at  which  the  arm  came  to  the  middle 
point  of  the  vibration,  which  is  thus  found:  the  mean  between  27,2  and 
22.1  is  24,65,  and  is  the  middle  point  of  the  first  vibration;  and,  as  the  arm 
came  to  25  at  10''  23'  4",  and  to  24  at  lo"*  23'  57",  wc  find,  by  proportion, 
that  it  came  to  24,65  at  lo""  23'  23".  In  like  manner,  the  arm  came  to  the 
middle  of  the  seventh  vibrational  11''  5'  22";  and,  therefore,  six  vibrations 
were  performed  in  41'  59",  or  one  vibration  in  7'  o". 

To  judge  of  the  propriety  of  this  method,  we  must  consider  in  what 
manner  the  vibration  is  affected  by  the  resistance  of  the  air,  and  by  the 
motion  of  the  point  of  rest. 

I^t  the  arm,  during  the  first  vibration,  move  from  D  to  B,  (Tab.  XXIV. 
fig,  3.)  and,  during  the  second,  from  B  to  d:  Bd  being  less  than  DB.  on 
account  of  the  resistance.  Bisect  DB  in  M,  and  Bd  in  m,  and  bisect  Mm  in 
«,  and  let  x  be  any  point  in  the  \ibration ;  then,  if  the  resistance  is  propor- 
tional to  the  square  of  the  velocity,  the  whole  time  of  a  vibration  is  very  little 
altered;  but,  if  T  is  taken  to  be  the  time  of  one  vibration,  as  the  diameter 
of  a  circle  to  its  semicircumference,  the  time  of  moving  from  S  to  n  exceeds 


8B« 

(alls  short  of  J  a  vibration,  by  as  much;  and  the  time  of  moving  from  B 
to  X.  in  the  second  vibration,  exceeds  that  of  moving  from  x  to  6.  in  the 

first,  by  —f^— 7p — '- — , ,  supposing  Dd  to  be  bisected  in  8 ;  so  that,  if  a 

i^lSn*  X  \/ dx  X  xo 

taken,  between  the  time  of  the  first  arrival  of  the  arm  at  x  and  its 
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returning  back  to  the  same  point,  this  mean  ^ill  be  earlier  than  the  true 

time  of  its  coming  to  B,  by 

T  xDdy<Bx^ 

SBn^  X  x^Bx  X  xS  * 

The  effect  of  motion  in  the  point  of  rest  is,  that  when  the  arm  is  moving 
in  the  same  direction  as  the  point  of  rest,  the  time  of  mo\'ing  from  one 
extreme  point  of  \ibration  to  the  other  is  increased,  and  it  is  diminished 
when  they  are  mo\ing  in  contrary*  directions;  but,  if  the  point  of  rest  moves 
uniformly,  the  time  of  mo\'ing  from  one  extreme  to  the  middle  point  of 
the  \ibration,  will  be  equal  to  that  of  moxing  from  the  middle  point  to  the 
other  extrt^me,  and  moreo\'er,  the  time  of  two  successive  Wbrations  will 
be  wry  little  altered;  and,  therefore,  the  time  of  mo\'ing  from  the  middle 
point  of  one  \'ibration  to  the  middle  point  of  the  next,  ^ill  also  be  \'ery 
little  altered. 

It  appears,  therefore,  that  on  account  of  the  resistance  of  the  air,  the 
time  at  which  the  arm  comes  to  the  middle  point  of  the  \'ibration,  is  not 
exactly  the  mean  beti^-een  the  times  of  its  coming  to  the  extreme  pcnnts, 
which  causes  some  inaccuracy  in  my  method  of  finding  the  time  of  a 
\"ibration.  It  must  be  observed,  howe\'er,  that  as  the  time  of  ccnning  to  the 
middle  point  is  before  the  middle  of  the  Wbraticxi.  both  in  the  first  and 
last  \ibration,  and  in  general  is  nearly  equally  so,  the  error  produced  from 
this  cause  must  be  inconsiderable;  and.  on  the  wiiole,  I  see  no  method  of 
finding  the  time  of  a  \'ibratic«  which  is  liaUe  to  less  objection. 

The  time  of  a  \ibration  may  be  determined^  either  by  previous  trials, 
or  it  may  be  done  at  each  experiment,  by  ascertaining  the  time  of  the 
vibratii>ns  which  the  arm  is  actually  put  into  by  the  motion  of  the  w^hts; 
but  there  is  one  advantage  in  the  latter  method,  namely,  that  if  there 
should  be  any  accidental  attraction,  such  as  electricity,  in  the  glass  plates 
thrv^ugh  which  the  motion  of  the  arm  is  seen,  which  should  increase  the 
force  necessar>*  to  draw  the  arm  aside,  it  ^-ould  also  diminish  the  time  of 
vibration :  and.  cvHisequently.  the  error  in  the  result  would  be  much  less, 
when  the  force  required  to  draw  the  arm  aside  was  deduced  from  expm- 
ments  made  at  the  time,  than  when  it  was  taken  from  previous  experi- 
ments. 

Account  of  the  Expenmcnts. 

In  my  iir>t  experiments,  the  wire  by  which  the  arm  was  sospeoded  was 
jvvjj  inches  lon^.  and  was  of  cc^pper  silNvred.  one  foot  of  wiiich  weighed 
^»^  iirains:  its  stiffness  was  such,  as  to  make  the  arm  p?rtorm  a  vibratioQ 
:n  about  15  minutes^  I  immediately  found,  indeed,  that  it  was  noC  stiff 
enough,  as  the  attraction  ot  the  ^^hts  drew  the  haJls  so  much  aside,  as 
:o  nuike  them  :ol^:h  rhe  sides  ot  the  case :  I.  b:we\-er.  cho5?e  to  make  some 
cxpvrln^nts  xiith  it   i^^tore  I  chan^ied  it. 

Is  this  trial,  the  rvxis  by  which  the  k*aden  weights  w«e  sisspended  wete 
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of  iron;  for,  as  I  had  taken  care  that  there  should  be  nothing  magnetical 
in  the  arm.  it  seemed  of  no  signification  whether  the  rods  were  magnetical 
or  not;  but,  for  greater  security,  I  took  off  the  leaden  weights,  and  tried 
what  effect  the  rods  would  have  by  themselves.  Now  I  find,  by  computa- 
tion, that  the  attraction  of  gravity  of  these  rods  on  the  balls,  is  to  that  of 
the  weights,  nearly  as  17  to  2500;  so  that,  as  the  attraction  of  the  weights 
appeared,  by  the  foregoing  trial,  to  be  sufficient  to  draw  the  arm  aside  by 
about  15  divisions,  the  attraction  of  the  rods  alone  should  draw  it  aside 
about  1*5  of  a  division;  and,  therefore,  the  motion  of  the  rods  from  one 
near  position  to  the  other,  should  move  it  about  ^  of  a  division. 

The  result  of  the  experiment  was.  that  (or  the  first  15  minutes  after 
the  rods  were  removed  from  one  near  position  to  the  other,  very  little 
motion  was  produced  in  the  arm,  and  hardly  more  than  ought  to  be  pro- 
duced by  the  action  of  gravity;  but  the  motion  then  increased,  so  that,  in 
about  a  quarter  or  half  an  hour  more,  it  was  found  to  have  moved  i  or  ij 
division,  in  the  same  direction  that  it  ought  to  have  done  by  the  action  of 
gravity.  On  returning  the  irons  back  to  their  former  position,  the  arm 
moved  backward,  in  the  same  manner  that  it  before  moved  forward. 

It  must  be  observed,  that  the  motion  of  the  arm,  in  these  experiments, 
was  hardly  more  than  would  sometimes  take  place  without  any  apparent 
cause;  but  yet,  as  in  three  experiments  which  were  made  with  these  rods, 
the  motion  was  constantly  of  the  same  kind,  though  differing  in  quantity 
from  i  to  ij  division,  there  seems  great  reason  to  think  that  it  was  pro- 
duced by  the  rods. 

As  this  effect  seemed  to  me  to  be  owing  to  magnetism,  though  it  was 
not  such  as  I  should  have  expected  from  that  cause.  I  changed  the  iron 
rods  for  copper,  and  tried  them  as  before;  the  result  was,  that  there  still 
seemed  to  be  some  effect  of  the  same  kind,  but  more  irregular,  so  that 
I  attributed  it  to  some  accidental  cause,  and  therefore  hung  on  the  leaden 
weights,  and  proceeded  with  the  experiments. 

It  must  be  observed,  that  the  effect  which  seemed  to  be  produced  by 
moving  the  iron  rods  from  one  near  position  to  the  other,  was,  at  a  medium, 
not  more  than  one  division;  whereas  the  effect  produced  by  moving  the 
weight  from  the  midway  to  the  near  position,  was  about  15  divisions;  so 
that,  if  I  had  continued  to  use  the  iron  rods,  the  error  in  the  result  caused 
thereby,  could  hardly  have  exceeded  ^  of  the  whole.  [See  Tables  on  p.  256 
et  seq.] 

It  must  be  observed,  that  in  this  experiment,  the  attraction  of  the 
weights  drew  the  arm  from  11,5  to  25,8,  so  that,  if  no  contrivance  had  been 
used  to  prevent  it,  the  momentum  acquired  thereby  would  have  carried  it 
to  near  40,  and  would,  therefore,  have  made  the  balls  to  strike  against  the 
case.  To  prevent  this,  after  the  arm  had  moved  near  15  divisions,  I  re- 
turned the  weights  to  the  midway  position,  and  let  them  remain  there,  till 
the  arm  came  nearly  to  the  extent  of  its  vibration,  and  then  again  moved 
them  to  the  positive  position,  whereby  the  vibrations  were  so  much 
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Experiment  II.    Aug.  6. 
Weights  in  midway  position. 


Extreme 

Point 

Time  of  mid. 

points. 

Divisions 

Time. 

of  rest. 

of  vibration. 

Difference. 

h.     '      ' 

h.     '      " 

#     0 

II 

10     4     0 

II 

II     0 

II 

17    0 

II 

25    0 

II. 

Weights  moved  to  positive  position. 

29.3 

24,1 

— 

— 

26,87 

30 

— 

27.57 

26,2 

— 

28,02 

29.7 

— 

— 

28,12 

26,9 

— 

28.05 

28.7 

27.85 

27,1 

27,82 

28,4 

Weights  returned  to  midway  position. 

6 

12 

I    3  50' 
4  34 

_ 

141 

13 

1 

18,5 

— 

12,37 

— 

1452 

13 
12 

18  29' 

19  18/ 

— 

18  53 

6,5 

— 

11,67 

— 

1446 

II 
12 

33481 
34  51/ 

— 

33  39 

15,2 

— 

^^^^^ 

II 

— 

1346 

13 
12 

45  81 

46  22 

— 

47  25 

7>i 

— 

— 

10,75 

— 

1525 

II 
12 

2    3  48I 
5  18/ 

_ 

2    2  50 

13.6 

Motion  of  arm  on  moving  weights  from  midway  to  pos.  =  15,87 

pos.  to  midway  —  15,45 
Time  of  one  vibration  =  14'  42 
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Experiment  III.   Aug.  7. 
The  weights  being  in  the  positive  position,  and  the  arm  a  little  in  motion. 


Extreme 
points. 

DivisioDS. 

« 

rime. 

Point 
of  rest. 

nme  of  mid. 
of  vibration. 

Difiercnce 

h. 

f         m 

h.     '      - 

1       m 

31.5 

29 

— 

30.12 

31 

30.02 

29,1 

Weights  moved  to  midway  position. 

9 

14 
15 

10 

34  i8\ 

35  8/ 

— 

10  34  55 

20.5 



14.8 

— 

14    44 

15 
14 

49  31 

50  27/ 

49  39 

9.2 

— 

14.07 

— 

1438 

14 
15 
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5  71 

6  18J 
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II    4  17 

17.4 

14 
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II 
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lO.I 

13 

14 

3346I 
35  26/ 

13.3 
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1427 
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15.6 


32 


Weights  moved  to  positive  position. 


28  o    2  48 
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28  46  50/ 

31.1 


o    2  59 


47  40 


Motion  of  the  arm  on  moving  weights  from  pos.  to  mid.  ■■  15,22 

mid.  to  pos.  =  14,5 

Time  of  one  vibration,  when  in  mid.  position  «=  14'  39 

pos.  position  «  14  54 
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These  experiments  are  sufficient  to  shew,  that  the  attraction  of  the 
weights  on  the  balls  is  very  sensible,  and  are  also  sufficiently  regular  to 
determine  the  quantity  of  this  attraction  pretty  nearly,  as  the  extreme 
results  do  not  differ  from  each  other  by  more  than  ^"1,  part.  But  there  is 
a  circumstEince  in  them,  the  reason  of  which  does  not  readily  appear, 
namely,  that  the  effect  of  the  attraction  seems  to  increase,  for  half  an 
hour,  or  an  hour,  after  the  motion  of  the  weights;  as  it  may  be  observed, 
that  in  all  three  experiments,  the  mean  position  kept  increasing  for  that 
time,  after  moving  the  weights  to  the  positive  position;  and  kept  de- 
creasing, after  moving  them  from  the  positive  to  the  midway  position. 

The  first  cause  which  occurred  to  me  was,  that  possibly  there  might  be 
a  want  of  elasticity,  either  in  the  suspending  wire,  or  something  it  was 
fastened  to,  which  miglit  make  it  yield  more  to  a  given  pressure,  after  a 
long  continuance  of  that  pressure,  than  it  did  at  first. 

To  put  this  to  the  trial,  I  moved  the  index  so  much,  that  the  arm,  if 
not  prevented  by  the  sides  of  the  case,  would  have  stood  at  about  50 
divisions,  so  that,  as  it  could  not  move  farther  than  to  35  divisions,  it  was 
kept  in  a  position  15  divisions  distant  from  that  which  it  would  naturally 
have  assumed  from  the  stiffness  of  the  wire;  or,  in  other  words,  the  wire 
was  twisted  15  divisions.  After  having  remained  two  or  three  hours  in  this 
position,  the  index  was  moved  back,  so  as  to  leave  the  arm  at  liberty  to 
assume  its  natural  position. 

It  must  be  observed,  that  if  a  wire  is  twisted  only  a  little  more  than  its 
elasticity  admits  of,  then,  instead  of  setting,  as  it  is  called,  or  acquiring  a 
permanent  twist  all  at  once,  it  sets  gradually,  and,  when  it  is  left  at  liberty, 
it  gradually  loses  part  of  that  set  which  it  acquired;  so  that  if,  in  this 
experiment,  the  wire,  by  having  been  kept  twisted  for  two  or  three  hours, 
had  gradually  yielded  to  this  pressure,  or  had  begun  to  set,  it  would 
gradually  restore  itself,  when  left  at  liberty,  and  the  point  of  rest  would 
gradually  move  backwards;  but,  though  the  experiment  was  twice  re- 
peated, I  could  not  perceive  any  such  effect. 

The  arm  was  next  suspended  by  a  stiffer  wire. 

Experiment  IV.   Aug.  12. 
Weights  in  midway  position. 


Extreme 

Point 

Time  of  mid 

points. 

Divisions. 

21,6 
21,5 

Time. 
h      '      - 
9  30    0 
52    0 

of  rest. 

of  vibration 
b.     '      - 

21,5 

10  13    0 

21.5 

Weights 

moved  from 

midway  to 

positive  positio 

27,2 

22,1 

— 

— 

24,6 
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Experiment  IV.  Aug.  12  (cow/.) 


Extreme 
points. 

Divisions.             Time. 

Point 
of  rest. 

Time  of  mid. 
of  vibration. 

Difference. 

h.     '      ' 

h.     '      ' 

/     0 

27 

24.67 

22,6 

24.75 

26,8 

24.8 

23.0 

— 

— 

24.85 

26,6 

— 

— 

24.9 

23.4 

Weights  moved  to  negative  position. 

1 

15 

17 
19 

19  25 

20  41. 

— 

10  20  31 

22,4 

18,72 

— 

7  0 

20 
19 

26  45  . 

27  22 

— 

27  31 

15,1 

— 

18.52 

— 

6  57 

19 
20 

35    il 
48/ 

— 

34  28 

21.5 

— 

18.35 

— 

7  23 

20 
19 

40  23" 

41  18J 



41  51 

15,3 

18,22 

— 

6  48 

18 
19 

4836I 
49  24. 



48  39 

20,8 

— 

18,1 

— 

658 

19 
18 

54  45 

55  45/ 



55  37 

15,5 

Weights  moved  to  positive  position. 

31,3 

25 
23 

II  10  25" 
"    3. 



II  10  40 

I7.I 

— 

24,02 

— 

7    3 

22 
23 

17    61 
26. 



17  43 

30,6 

— 

24,17 

— 

7    I 

25 
23 

24  33" 

25  17/ 



24  44 

18,4 

• 

24.32 

— 

7    5 

23 
25 

31  21 

32  9 



31  49 

29»9 

— 

244 

659 

25 
23 

38  39" 

39  31. 
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Experiment  IV.  Aug.  12  (cant.) 


xtreme 

Point             Time  of  mid. 

X3ints.     Divisions. 

Time. 

of  rest.            of  vibration.       Difference. 

h.     '      " 

h.     '      -^                 '      ' 

i9>4          — 

24>5                 —                  76 

23 

25 

45  16I 

46  12/ 

—                  45  54 

29>3 

Motion  of  arm  on 

moving  weights 

from  midway  to  pos.  «  3,1 
pos.  to  neg.        =  6,18 
neg.  to  pos.        =  5,92 

Time  of  one  vibration  in  neg.  position                              «  7'  1" 

pos.  position                              *  7  3 

Experiment  V.   Aug.  20. 

The  weights  being  in  the  positive  position,  the  arm  was  made  to  vibrate, 

by  moving  the  index. 


.29.6 

21,1 

25,2 

29» 

— 

— 

25.17 

21,6 

Weights  moved  tc 

>  negative  position.   . 

22,6 

20 
19 

10 

22  47' 

23  30. 

10  23   II 

16,3 

— 

19,27 

21,9 

— 

19.15 

16,5 

19,1 

21,5 

— 

— 

19.07 

16,8 

19.07 

21,2 

19.07 

I7.I 

— 

19.05 

20,8 

— 

19.02 

i7>4 

— 

19.05 

20,6 

— 

— 

19.02 

20 
19 

II 

32 161 
3358/ 

— 

II  33  53 

i7>5 

— — 

— 

18.97 

19 
20 

41 16 
43  0. 



41    6 

20,3 

Weights  moved  to  positive  position. 

20,2 

24 
26 

II 

49  lo". 

so  10 



II  4r  37 

7  13 
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Experiment  V.  Aug.  20  (cont) 

Extreme  Point  Time  of  mid. 

points.      Divisions.  Time.  of  rest.  of  vibration.        Difference. 

h.     '      -^  h.     '      -^  '      " 

29,4  —  —  24,95  —  77 


26  56  15 

25 


:5}   - 


20,8  —  —  24,92 

28,7  —  —  24,87 

21,3  —  —  24,85 

28,1  —  —  24,75 

21.5  —  —  24,67 

27.6  —  —  24,67 
22  —  —  24,7 

24  o  45  48 


25  46  43 

27,2  —  —  24,7 


[  —  0  46  21 


25 

24 


53  III 

r  —  53  22 

54  9/ 


22,4 

Motion  of  arm  on  moving  weights  from  pos.  to  neg.  =  5,9 

neg.  to  pos.  =  5,98 

Time  of  one  vibration,  when  weights  are  in  neg.  position  =  7'  5" 

pos.  position  =75 

In  the  fourth  experiment,  the  effect  of  the  weights  seemed  to  increase 
on  standing,  in  all  three  motions  of  the  weights,  conformably  to  what  was 
observed  with  the  former  wire ;  but,  in  the  last  experiment,  the  case  was 
different;  for  though,  on  moving  the  weights  from  positive  to  negative, 
the  effect  seemed  to  increase  on  standing,  yet,  on  moving  them  from 
negative  to  positive,  it  diminished. 

My  next  trials  were,  to  see  whether  this  effect  was  owing  to  magnetism. 
Now,  as  it  happened,  the  case  in  which  the  arm  was  inclosed,  was  placed 
nearly  paraDel  to  the  magnetic  east  and  west,  and  therefore,  if  there  was 
any  thing  magnetic  in  the  balls  and  weights,  the  balls  would  acquire 
polarity  from  the  earth;  and  the  weights  also,  after  having  remained  some 
time,  either  in  the  positive  or  negative  position,  would  acquire  polarity  in 
the  same  direction,  and  would  attract  the  balls;  but,  when  the  weights  were 
moved  to  the  contrary  position,  that  pole  which  before  pointed  to  the 
north,  would  point  to  the  south,  and  would  repel  the  ball  it  was  approached 
to;  but  yet,  as  repelling  one  ball  towards  the  south  has  the  same  effect  on 
the  arm  as  attracting  the  other  towards  the  north,  this  would  have  no 
effect  on  the  position  of  the  arm.  After  some  time,  however,  the  poles  of 
the  weight  would  be  reversed,  and  would  begin  to  attract  the  balls,  and 
would  therefore  produce  the  same  kind  of  effect  as  was  actually  observed. 
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To  try  whether  this  was  the  case,  I  detached  the  weights  from  the 
upper  part  of  the  copper  rods  by  which  they  were  suspended,  but  still 
retained  the  lower  joint,  namely,  that  which  passed  through  them;  I  then 
fixed  them  in  their  positive  position,  in  such  manner,  that  they  could 
turn  round  on  this  joint,  as  a  vertical  axis.  I  also  made  an  apparatus,  by 
wtiich  I  could  turn  them  half  way  round,  on  these  vertical  axes,  without 
opening  the  door  of  the  room. 

Having  suffered  the  apparatus  to  remain  in  this  raamier  for  a  day, 
I  next  morning  observed  the  arm,  and,  having  found  it  to  be  stationary, 
turned  the  weights  half  way  round  on  their  axes,  but  could  not  perceive 
any  motion  in  the  arm.  Having  suffered  the  weights  to  remain  in  this 
position  for  about  an  hour,  I  turned  them  back  info  their  former  position, 
but  without  its  having  any  effect  on  the  arm.  This  experiment  was  re- 
peated on  two  other  days,  with  the  same  result. 

We  may  be  sure,  therefore,  that  the  effect  in  question  could  not  be 
produced  by  magnetism  in  the  weights;  for,  if  it  was,  turning  them  half 
round  on  their  axes,  would  immediately  have  changed  theur  magnetic 
attraction  into  repulsion,  and  have  produced  a  motion  in  the  arm. 

As  a  further  proof  of  this,  I  took  off  tbe  leaden  weights,  and  in  their 
room  placed  two  lo-inch  magnets;  the  apparatus  for  turning  them  round 
being  left  as  it  was,  and  the  magnets  being  placed  horizontal,  and  pointing 
to  the  balls,  and  with  their  north  poles  turned  to  the  north;  but  I  could 
not  find  that  any  alteration  was  produced  in  the  place  of  the  arm,  by  turn- 
ing them  half  round ;  which  not  only  confirms  the  deduction  drawn  from 
the  former  experiment,  but  also  seems  to  shew,  that  in  the  experiments 
with  the  iron  rods,  the  effect  produced  could  not  be  owing  to  magnetism. 

The  next  thing  which  suggested  itself  to  me  was,  that  possibly  the 
effect  might  be  owing  to  a  difference  of  temperature  between  the  weights 
and  the  case;  for  it  is  evident,  that  if  the  weights  were  much  warmer  than 
the  case,  they  would  warm  that  side  which  was  next  to  them,  and  produce 
a  current  of  air.  wfiich  would  make  the  balls  approach  nearer  to  the 
weights.  Though  I  thought  it  not  likely  that  there  should  be  sufficient 
difference,  between  the  heat  of  the  weights  and  case,  to  have  any  sensible 
effect,  and  though  if  seemed  improbable  that,  in  all  the  foregoing  experi- 
ments, the  weights  should  happen  to  be  warmer  than  the  case,  I  resolved 
to  examine  into  it,  and  for  this  purpose  removed  the  apparatus  used  in 
the  last  experiments,  and  supported  the  weights  by  the  copper  rods,  as 
before;  and,  having  placed  them  in  the  midway  position,  I  put  a  lamp 
imder  each,  and  placed  a  thermometer  \vith  its  ball  close  to  the  outside  of 
the  case,  near  that  part  which  one  of  the  weiglits  approached  to  in  its 
positive  position,  and  in  such  manner  that  I  could  distinguish  the  divisions 
by  the  telescope.  Having  done  this,  I  shut  the  door,  and  some  time  after 
moved  the  weights  to  the  positive  position.  At  first,  the  arm  was  drawn 
aside  only  in  its  usual  manner;  but,  in  half  an  hour,  the  effect  was  so  much 
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increased,  that  the  arm  was  drawn  14  divisions  aside,  instead  of  about  three, 
as  it  would  otherwise  have  been,  and  the  thermometer  was  raised  near  z°\\ 
namely,  from  61°  to  62° J.  On  opening  the  door,  the  weights  were  foimd 
to  be  no  more  heated,  than  just  to  prevent  their  feeling  cool  to  my  fingers. 

As  the  effect  of  a  difference  of  temperature  appeared  to  be  so  great, 
I  bored  a  small  hole  in  one  of  the  weights,  about  three-quarters  of  an  inch 
deep,  and  inserted  the  ball  of  a  small  thermometer,  and  then  covered  up 
the  opening  with  cement.  Another  small  thermometer  was  placed  with  its 
ball  close  to  the  case,  and  as  near  to  that  part  to  which  the  weight  was 
approached  as  could  be  done  with  safety;  the  thermometers  being  so 
placed,  that  when  the  weights  were  in  the  negative  position,  both  could 
be  seen  through  one  of  the  telescopes,  by  means  of  light  reflected  from  a 
concave  mirror. 

Experiment  VI.    Sept.  6. 

Weights  in  midway  position. 


PiftriMTii* 

Divisions.          Time. 

Point 
of  rest. 

Thermometer 

points. 

In  air.               In  wc 

18.9 

18.85 

U. 

9  43 
10    3 

18.85 

55.5 

Weights  moved  to 

1  negative  position. 

13.I 
18.4 

— 

10  12 
18 

15  82 

55.5                55. 

13.4 

missed 

25 

13.6 

17.6 

13.8 

17.4 
14,0 

— 

39 
46 

53 
II    0 

7 

15.65 
15.65 
15.65 
15.65 

55.5               55.' 

17.2 

— 

14 

— 

55.5 

Weights  moved  to  positive  position. 

25.8 

23 

17.5 

— 

30 

21.55 

25.4 
18. 1 

37 
44 

21,6 
21.65 

25.0 
missed 

^^^ 

51 

24.7 

0    5 

19. 

12 

21.77 

24.4 

— 

19 

Motion  of  ann  on  moving  weights  from  midway  to  —  —  3.03 

-  to  +  -  5,9 
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Experiment  VII.    Sept.  18. 
Weights  in  midway  position. 

Thermometer 


Extreme 
points. 

Point                      ^ 

Divisions.           Time.                of  rest.               In  air.               In  wc 

1.       # 

19.4 
19.4 

u. 

8  30               —                 56,7 

9  32               —                 56,6 

Weights  moved  to  negative  position. 

13,6 
18,8 
13,8 

40                                                          57i 
47              16,25 

54 

16,9 
16,6 

Eight  extreme  points  missed. 

10  58 

11  5              15,62 
12 

26,4 
17,2 
26,1 

Weights  moved  to  positive  position. 

20               —                 56,5 
28              2i;72 

35 

Four  extreme  points  missed. 
I9»3             —               0  10 
25.1             —                   17             22,3 
197             —                   24 
Motion  of  ann  on  moving  weights  from  midway  to  —  =  3,15 

-  to  +  «  6,1 

Experiment  VIII.   Sept.  23. 

Weights  in  midway  position. 

19.3 
19,2 

9  46               —                53>i 

10  45             19.2                53.1 

Weights  moved  to  negative  position. 

13,5 
18,6 

13.6 

56               —                   —                 53 
II    3              16,07 

10 
Four  extreme  points  missed. 

174 

14,1 
17,2 

44 

51              I5>7 

58               —                   -                 53 

Weights  moved  to  positive  position. 

15,7 
26,7 

16,6 

— 

0      I 

8             21,42 
15                                   53>i5 
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ExPERiMEKT  VUL  Sept.  23  (ami) 
Two  extreme  points  missed. 


points.        Ot\'isaons. 


Time. 

36 

43 
50 


Point 
ol 


f 

In  air. 


In  wci^t. 


21,9 


25»9  — 

18,1  — 

25-5  — 

Motion  of  ann  on  mo\-ing  wei^ts  firom  midway 


y  to  -  =  3,13 
-  to  ^  -  5,72 

I  n  these  three  experiments,  the  effect  ol  the  wdght  appeared  to  increase 
from  two  to  fi\^  tenths  of  a  di\ision.  on  standing  an  hoar;  and  the  ther- 
mometers  shew^,  that  the  weights  were  three  or  five  tenths  of  a  degree 
wanner  than  the  air  close  to  the  case.  In  the  two  last  experiments,  I  pot 
a  lamp  into  the  rooin,  o\'er  night,  in  hopes  ol  making  the  air  warmer  than 
the  weights,  but  without  effect,  as  the  heat  of  the  weights  exceeded  that 
of  the  air  mcve  in  these  two  experiments  than  in  the  former. 

On  the  ewning  of  October  17.  the  wdgfats  being  placed  in  the  midway 
position,  lamps  were  put  under  them,  in  ordn^  to  warm  them:  the  door  was 
then  shut,  and  the  lamps  suffered  to  bum  oot.  The  next  mondng  it  was 
found,  on  mo\ing  the  weights  to  the  negative  pcsitiocL  that  they  were 
7"^}  warmer  than  the  air  near  the  case.  After  they  had  coQtinixd  an  hoar 
in  that  po^ticA.  they  were  found  to  ha\^  cooled  i""!.  so  as  to  be  only  6"" 
warmer  than  the  air.  They  were  then  moved  to  the  positive  positioQ;  and 
in  both  positions  the  arm  was  drawn  aside  about  four  di^-taoos  mote,  after 
the  wights  had  remained  an  hour  in  that  pc^tiocu  than  it  was  at  firsL 

Xlay  2^.  170S.  The  experiment  was  repeated  in  the  sanK  manner, 
except  that  the  lamp^  were  made  so  as  to  bom  oohr  a  short  time,  and  oohr 
two  hours  were  suffered  to  elapse  N*tofe  the  weights  were  moaned.  The 
weights  were  now  round  to  Nf  scarcely  ^'  wanner  than  the  case:  and  the 
arm  was  drawn  aside  about  two  di\isioos  more,  after  the  wekhts  had  ie> 
mained  an  hvHir  in  the  position  they  were  moved  to.  than  it  was  at  first. 

On  May  ^3.  the  experiment  was  tried  in  the  same  Thinner,  except  that 
the  weights  were  cvxJed  by  Ia\-icsg  ice  on  them:  the  ke  Nfing  cocfioed  in  its 
place  by  rin  piatesw  whkh.  on  moving  the  weights^  iefl  to  the  ground,  so 
as  rrot  to  N*  irr  the  way.  On  moxing  the  we^hts  to  the  negative  poeitioQ. 
they  were  tourM  to  be  aKxit  S^^  colder  than  the  air.  arsd  tbnr  ecect  on  the 
arm  seenred  cow  to  diminish  on  srar^tin^.  instead  or  iccreaszTDC.  as  it  did 
beroce :  as  the  ami  was  drawn  as^ie  about  ^  J  di\^b^^iis  Sessw  at  the  end  of 
an  hour  after  the  rsotion  of  the  weights,  than  it  was  at  irst. 

It  seeds  suSciently  rrv\'ed.  tberef».xe.  that  the  eSect  in  qiKStioa  is 
produced,  as  aS^x-e  expiaine\i  by  the  drSerence  of  tenxperatiire  between 
tile  weights  axtd  c;fese:  6.Y.  in  the  oth.  xh.  and  oth  expeoDOKatSw  m  which 
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the  weights  were  not  much  warmer  than  the  case,  their  effect  increased 
but  Uttle  on  standing;  whereas,  it  increased  much,  when  they  were  much 
warmer,  than  the  case,  and  decreased  much,  when  they  were  much  cooler. 
It  must  be  observed,  that  in  this  apparatus,  the  box  in  which  the  balls 
play  is  pretty  deep,  and  the  balls  hang  near  the  bottom  of  it,  which  makes 
the  effect  of  the  current  of  air  more  sensible  than  it  would  otherwise  be, 
and  is  a  defect  which  I  intend  to  rectify  in  some  future  experiments. 

Experiment  IX.   April  29. 
Weights  in  positive  position. 


Extreme 

Point 

Time  of  mid. 

points. 

Divisions 

Time, 
h.     '      ' 

of  rest. 

of  vibrations. 

h.     '      ' 

34.7 

35 

34,84 

34.65 

Weights  moved 

to  negative  position. 

23.8 

28 
29 

II  18  29' 
58/ 

— 

II   18  43 

33.2 

— 

28,52 

29 
28 

25  27 
57/ 

25  40 

23.9 

28,25 

32 

— 

28,01 

24.15 

— 

27,82 

31 

27,63 

24.4 

27,55 

30,4 

27,47 

28 
27 

074 
53/ 

0    7  26 

24,7 

Motion  of  arm       =  6,32 
Time  of  vibration  =  6'  58" 

Experiment  X.    May  5. 

Weights  in  positive  position. 
34,5 

33.5  —  —  33,97 

34,4 


22,3 


Weights  moved  to  negative  position. 


28  10 

29 


43  42\  ^^  ^^     , 

£i(  —  10  43  30 

44  6/  ^^  ^ 


268  Mm.  CAVENDISH'S  Expermemts 

ExPEimcEMT  X.  May  5  (and.) 


urtreme 

Point 

Time  ol  mid. 

point*. 

Dhriaioiis. 

Time. 

of  rest. 

alTibratioo. 

h.    '     ' 

h. 

f  0 

33^ 

— 

— 

Trjfa 

— 

28 
27 

50  33 

51  0/ 

5036 

22,6 

— 

27,72 

32.5 
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23.2 

27.58 

31^5 

27.4 

23.5 

27 

II  25  20 

58} 

27^ 

28 

II 

25  24 

30.7 

— 



27,21 

— 

28 
27 

32       0 
3240 

32  27 

23.95 



27,21 

— 

27 
28 

39  19 

40  2 

— 

39  23 

30.25 

Motion  of  \ 

inn       —6, 

15 

Time  of  vibration  ■■  6' 

59 

r 

Experiment  XI.   lCay6. 
Weights  in  positive  position. 


34.9 

34.1 

— 

— 

34.47 

34.8 

— 

34.49 

34.25 

Wd^ts  moved 

to  n^^tive  position. 

23.3 

28 

9  59  59. 
10    0  27 

10    0 

8 

29 

33-3 

29 
27 

6  52 

7  51 

28^ 

7 

5 

23.8 

— 

— 

28.35 

32.5 

— 

— 

28.3 

244 

miised 

24.8 

31.3 

— 

28,17 

29 
28 

10  48  37 
49  21. 

— 

1049 

8 

#       «r 


7    o 


7    3 


656 
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Experiment  XI.  May  6  (cont.) 


Extreme 
points. 

Divisions. 

Time, 
h.    '      ' 

Point 
of  rest. 

Time  of  mid. 
of  vibration. 

h.     '      ' 

25,3 

28 
29 

56     8| 
5656I 

28,2 

56  13 

30,9 

Motion  of 

arm       =  6, 

07 

Time  of  vibration  =»  7' 

1" 

In  the  three  foregoing  experiments,  the  index  was  purposely  moved  so 
that,  before  the  beginning  of  the  experiment,  the  balls  rested  as  near  the 
sides  of  the  case  as  they  could,  without  danger  of  touching  it ;  for  it  must 
be  observed,  that  when  the  arm  is  at  35,  they  begin  to  touch.  In  the  two 
following  experiments,  the  index  was  in  its  usual  position. 

Experiment  XII.    May  9. 
Weights  in  negative  position. 


Extreme 

Point 

Time  of  mid. 

points. 

Divisions. 

17.4 
17.4 
17.4 

Time, 
h.     '      ' 

9  45    0 

58    0 

10    8    0 

of  rest. 

of  vibration, 
h.     '      • 

17.4 

10    0 

17.4 

28,85 

Weights 

moved  to  positive  position. 

24 

10  20  50 
21  46 

■ 

22 

10  20  59 

18,4 

23.49 

28,3 

— 

23.57 

19.3 

— 

23.67 

27.8 

— 

23.72 

20 

— 

23.8 

27.4 

— 

— 

23.83 

24 
23 

II    3  13 
54' 

"    3  14 

20.55 

— 

23.87 

23 

9  45l 

10  18 

24 

10  28/ 

27 

Motion  of  arm 

-6.0Q 

Time  of  vibration  =»  ^'  3" 
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Experiment  XIII.    ICay  25. 
Weights  in  negative  position. 

Extreme  Point  Time  of  mid. 

points.      Divisions.  Hme.  of  rest.  of  vibrations. 

h.     '      '  h.     '      ' 

16 

18,3  —  —  17.2 


16,2 


29,6 


27.3 


13.9 


21,1 

I4»4 
20,5 

14.7 
20 


Weights  moved  to  positive  position. 

25  10  22  22 

24  o  45; 


10  22  56 


174  —  —  23,32 

23  29  59)  _ 

24  30  23I 

28,9  —  —  234 


30    3 


24  36  58] 

23  37 


58}      _ 

18.4      —         —         23.52 

23  10  44  3 

24  31. 

2&A  —  —  23.62 

19.3         —  —  23.7 

27.8         —  —  23,7 

24  II    5  26] 
23  6    I 

19.9  —  —  23,72 

23  12 


37    7 


10  44  14 


"    5  31 


"1  - 

50] 


24 
Weights  moved  to  negative  positioQ. 


12  35 


13.5 

21.8  —  —  17,75 


18 
17 


18  4S    a\  -  44  45 


37  34 

38  10  ■ 

— 

17.67 

44  26 

45  4 

— 

17,62 

17,6 

17.52 

17.47 

17.42 

37  39 


18 
17 


^9  57) 

20  52;  "~  °^^ 
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Experiment  XIII.  May  25  (cant.) 

Time. 


Extreme 
points.       Divisions. 


Point 
of  rest. 


h. 


15 


i7»37 


17 
18 


27  15 

28 15 


Time  of  mid. 
of  vibration. 

h.     '      ' 


27  30 


i9»5 


Time  of  vibration  at 


Motion  of  the  arm  on  moving  weights  from  —  to  +  =  6,12 

+  to  -  =  5,97 

+  =  7'  6" 
-  =  7  7 

Experiment  XIV.    May  26. 

Weights  in  negative  position. 

16,1  9  18  o 

16,1  24  o 

16,1  46  o 

16,1  49  o            16,1 

Weights  moved  to  positive  position. 


27»7 


i7»3 


27,2 


18,3 
26,8 

26,4 


20 


26,2 


12,4 


21,5 


23 
22 

22 
23 

23 
22 


10    o  46 
I  16 


10    I    I 


15    2 
32 


23 
22 

22 
23 


22,37 

758)  _ 
8  27) 

22,5 

}  - 

—  22,65 

—  22.75 

—  22.85 

—  22.97 

43  40)  _ 

44  22) 

—  23,15 

49  53' 

50  37. 


8    5 


15    9 


43  32 


50  41 


Weights  moved  to  negative  position. 


16 
17 

17 
16 


"    7  53) 

827I 


II    8  25 


17,02 


15  30)  _ 

16  3[ 


15  27 
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ExPERiMEXT  XIV.  May  26  (am/.) 


Time  of  mid. 

points.       Dhrisioiis.  Time.  olrest.            dL 

12,7               —  —  16,9 

20.7               —  —  16^ 

13.3               —  —  16^ 

20                  —  —  16.72 

13.6               —  —  16.67 

16  II  50  33>  _ 

17  51  19/ 
19.5             —  —  16,65 

17  57  53l           _ 

16  58  44) 


II  50  58 


58    6 


Motion  of  arm  by  moving  weights  from  —  to  +  »  6,27 

+  to  -  -  6,13 
Time  vibration  at  +  —  7'  6" 

--76 

In  the  next  experiment,  the  balls,  before  the  motion  of  the  weights, 
were  made  to  rest  as  near  as  possible  to  the  sides  of  the  case,  but  on  the 
contrary  side  from  what  they  did  in  the  9th,  loth  and  iith  experiments. 

Experiment  XV.   May  27. 
Weights  in  negative  position. 


^treme 

Point 

Hme  of  mid. 

points. 

Divisions. 

Hme. 

of  rest. 

of  vibration. 

h.     '      • 

h. 

0        m 

3.9 

3.35 

— 

— 

3.61 

3.85 

— 

•  3.61 

ZA 

Weights  moved  to  positi 

ve  position. 

15.4 

10 
9 

10    5  59 
6  27 

— 

10 

556 

4.8 

— 

— 

9.95 

9 
10 

12  43) 

13  iij 

— 

13    5 

14,8 

— 

— 

10,07 

10 
9 

20  24^ 

561 

20  13 

5.9 

— 

10,23 

14.35 

— 

10.35 

6.8 

— 

— 

10,46 

to  determine  the  Density  of  the  Earth 


273 


Experiment  XV. 

May  27  [cont. 

) 

ixtreme 
points. 

Divisions. 

Time, 
h.     '      ' 

Point 
of  rest. 

Time  of  mid. 
of  vibration. 

h.     '      ' 

13,9 

— 

10,52 

II 
10 

48  30 

49  II 

— 

48  42 

7»5 

10,6 

10 
II 

55  26I 

56  loj 

~ 

55  48 

i3»5 


Motion  of  the  arm  =  6,34 
Time  of  vibration    =  7'  7" 


The  two  following  experiments  were  made  by  Mr.  Gilpin,  who  was  so 
good  as  to  assist  me  on  the  occasion. 

Experiment  XVI.    May  28. 
Weights  in  negative  position. 


22.55 

8,4 



— 

i5»09 

21 



14*9 

9.2 

Weights 

moved  to  positive  pos 

26,6 

22 

10  22  53) 

23  20) 

21 

15.8 

— 

21 

20 

30    7 

21 

36J 

25,8 

21,05 

22 

37  23 . 

55) 

21 

16,8 

20 

44  291 

45  41 

21,11 

21 

25.05 

21,11 

22 

51  54' 

21 

52  321 

17.57 

— 

21,2 

21 

59  31) 
II    0  13) 

22 

24.6 

22 
21 

6  24 

7  9/ 

21,28 

18,3 

Motion  of  the  arm 

=  6,1 

Time  of  vibratic 

3n 

-  7'  i& 

10  23  15 


30  30 


37  45 


45     I 


52  20 


59  34 


II    6  49 


/# 


c.  P« 


18 
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28,8 


26,25 


Experiment  XVII.    May  30. 
Weights  in  negative  position. 


Extreme 
points. 

Diviaioiu. 

• 

rime. 

Point 
of  rest. 

Time  of  mid 
of  \ibratkm. 

h. 

# 

m 

h.     '      • 

17.2 

10 

19 

0 

17.I 

25 

0 

17.07 

29 

0 

17.15 

40 

0 

^7A5 

49 

0 

17A2 

51 

0 

17.42 

II 

I 

0 

1742 

Weights  moved  to  positive  position. 


18,1  —  —  23,2 


27.8  —  —  23.12 


18,8  —  —  23,2 


27.38  —  —  23.31 


24 

II    II    231 

23 

49' 

22 

18  13 

23 

43- 

24 
23 

25  19 
49 

23 

32  411 

24 

33  131 

24 
23 

3928I 
40    3) 

23 

46  33) 

24 

47  "f 

24 
23 

53  36) 

54  17I 

23 
24 

0    0  34I 

I  18  )■ 

24 
23 

7  34^ 

8   21)' 

23 
24 

14  30) 

15  24) 

II  II  37 


18  42 


25  40 


32  43 


39  44 


19,7  —  —  23,44 


46  46 


23.52 


53  48 


20,4  —  —  23,57 


o    o  55 


26,5  —  —  23,55 


7  50 


20,8  —  —  23,59 


1458 


to  determine  the  Density  of  the  Earth 

Experiment  XVII.  May  30  [cant.) 
Weights  moved  to  negative  position. 

Time. 


Extreme 
points.        Divisions. 


Point 
of  rest. 


/      » 


Time  of  mid. 
of  vibrations. 

h.     '      ' 


13.3 


22,4 


13.7 


21,6 


14 


20,8 


14.3 


20,1 


14,6 


17 
18 

18 
17 

17 
18 

18 
17 

17 
18 

18 
17 

17 
18 

18 
17 


o  32  19 

48, 

39  46; 

40  19 

46  261 

47  oj 

53  43 

54  20^ 


I    o  39) 
I  20J 

7  39 

8  21 

14  54) 

15  42] 

21  32 

22  22 


o  32  44 


17.95 


17.85 


39  44 


46  48 


17.72 


17,6 


53  50 


I    0  55 


17.47 


7  59 


17.37 


15    4 


17.27 


22    5 
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Motion  of  the  arm  on  moving  weights  from  —  to  +  «=  5,78 

+  to  -  =  5,64 
Time  of  vibration  at  +  =  7'  2' 

-  =7  3 

On  the  Method  of  computing  the  Density  of  the  Earth 

from  these  Experiments. 

I  shall  first  compute  this,  on  the  supposition  that  the  arm  and  copper 
rods  have  no  weight,  and  that  the  weights  exert  no  sensible  attraction, 
except  on  the  nearest  ball;  and  shall  then  examine  what  corrections  are 
necessary,  on  account  of  the  arm  and  rods,  and  some  other  small  causes. 

The  first  thing  is,  to  find  the  force  required  to  draw  the  arm  aside, 
which,  as  was  before  said,  is  to  be  determined  by  the  time  of  a  vibration. 

The  distance  of  the  centres  of  the  two  balls  from  each  other  is  73,3 

18 — 2 
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inches,  and  therefore  the  distance  of  each  from  the  centre  of  motion  is 
36,65,  and  the  length  of  a  pendulum  vibrating  seconds,  in  this  climate,  is 
39,14;  therefore,  if  the  stiffness  of  the  wire  by  which  the  arm  is  suspended 
is  such,  that  the  force  which  must  be  applied  to  each  ball,  in  order  to  draw 
the  arm  aside  by  the  angle  ^ ,  is  to  the  weight  of  that  ball  as  the  arch  of  A 
to  the  radius,  the  arm  will  vibrate  in  the  same  time  as  a  pendulum  whose 

length  is  36,65  inches,  that  is,  in  ^/     '      seconds;  and  therefore,  if  the 

stiffness  of  the  wire  is  such  as  to  make  it  vibrate  in  N  seconds,  the  force 
which  must  be  applied  to  each  ball,  in  order  to  draw  it  aside  by  the  angle 

i4,  is  to  the  weie:ht  of  the  ball  as  the  arch  of  ^  x  r^^  x  ^—^^  to  the  radius. 

^  m      39,14 

But  the  ivory  scale  at  the  end  of  the  arm  is  38,3  inches  from  the  centre  of 

motion,  and  each  division  is  ^  of  an  inch,  and  therefore  subtends  an  angle 

at  the  centre,  whose  arch  is  ^ ;  and  therefore  the  force  which  must  be 

applied  to  each  ball,  to  draw  the  arm  aside  by  one  division,  is  to  the  weight 

of  the  ball  as  -tttcTo  -  -   -  to  i,  or  as  ^,  ^,,^  to  i. 

ybbN^  39,14  8i8Ar2 

The  next  thing  is,  to  find  the  proportion  which  the  attraction  of  the 
weight  on  the  ball  bears  to  that  of  the  earth  thereon,  supposing  the  ball 
to  be  placed  in  the  middle  of  the  case,  that  is,  to  be  not  nearer  to  one  side 
than  the  other.  When  the  weights  are  approached  to  the  balls,  their 
centres  are  8,85  inches  from  the  middle  line  of  the  case;  but,  through  in- 
advertence, the  distance,  from  each  other,  of  the  rods  which  support  these 
weights,  was  made  equal  to  the  distance  of  the  centres  of  the  balls  from 
each  other,  whereas  it  ought  to  have  been  somewhat  greater.  In  conse- 
quence of  this,  the  centres  of  the  weights  are  not  exactly  opposite  to  those 
of  the  balls,  when  they  are  approached  together;  and  the  effect  of  the 
weights,  in  drawing  the  arm  aside,  is  less  than  it  would  otherwise  have 

8  8*^ 

been,  in  the  triplicate  ratio  of  -zvf-  to  the  chord  of  the  angle  whose  sine 

8  8^ 
is     '^  ,  or  in  the  triplicate  ratio  of  the  cosine  of  \  this  angle  to  the  radius, 

or  in  the  ratio  of  ,9779  to  i. 

Each  of  the  weights  weighs  2439000  grains,  and  therefore  is  equal  in 
weight  to  10,64  spherical  feet  of  water;  and  therefore  its  attraction  on  a 
particle  placed  at  the  centre  of  the  ball,  is  to  the  attraction  of  a  spherical 
foot  of  water  on  an  equal  particle  placed  on  its  surface,  as 

10,64  X  .9779  X  [^^   to  I. 
The  mean  diameter  of  the  earth  is  41800000  feet^ ;  and  therefore,  if  the  mean 

^  In  strictness,  we  ought,  instead  of  the  mean  diameter  of  the  earth,  to  take  the 
diameter  of  that  sphere  whose  attraction  is  equal  to  the  force  of  gravity  in  this 
climate;  but  the  difference  is  not  worth  regarding. 


to  determine  the  Density  of  the  Earth 


277 


density  of  the  earth  is  to  that  of  water  as  D  to  one,  the  attraction  of  the 
leaden  weight  on  the  ball  will  be  to  that  of  the  earth  thereon,  as 


10,64  ^  .9779  > 


I  to  8739000/). 


It  is  shewn,  therefore,  that  the  force  whicli  must  be  applied  to  each 
ball,  in  order  to  draw  the  arm  one  division  out  of  its  natural  position,  is 

a~ofiti  "^  f '^^  weight  of  the  ball ;  and,  if  the  mean  density  of  the  earth  is 

to  that  of  water  as  D  to  r,  the  attraction  of  the  weight  on  the  ball  is 


8739000D 


of  the  weight  of  that  ball;  and  therefore  the  attraction  will  be 


able  to  draw  the  arm  out  of  its  natural  position  by 


8i8iV» 


N* 

'  8739000Z)  "'  10683D 
divisions;  and  therefore,  if  on  mo\ing  the  weights  from  the  midway  to  a 
near  position  the  arm  is  found  to  move  B  divisions,  or  if  it  moves  zB 
divisions  on  moving  the  weights  from  one  near  position  to  the  other,  it 

follows  that  the  density  of  the  earth,  or  D,  is      r-^r^i  ■ 

We  must  now  consider  the  corrections  which  must  be  applied  to  this 
result;  first,  for  the  effect  which  the  resistance  of  the  arm  to  motion  has 
on  the  time  of  the  vibration:  2d,  for  the  attraction  of  the  weights  on  the 
arm:  3d,  for  their  attraction  on  the  farther  ball:  4th,  for  the  attraction 
of  the  copper  rods  on  the  balls  and  arm:  5th,  for  the  attraction  of  the  case 
on  the  balls  and  arm :  and  6th,  for  the  alteration  of  the  attraction  of  the 
weights  on  the  balls,  according  to  the  position  of  the  arm,  and  the  effect 
which  that  has  on  the  time  of  vibration.  None  of  these  corrections,  indeed, 
except  the  last,  are  of  much  signification,  but  they  ought  not  entirely  to 
be  neglected. 

As  to  the  first,  it  must  be  considered,  that  during  the  vibrations  of  the 
arm  and  balls,  part  of  the  force  is  spent  in  accelerating  the  arm;  and  there- 
fore, in  order  to  find  the  force  required  to  draw  them  out  of  their  natural 
position,  we  must  find  the  proportion  which  the  forces  spent  in  accelerating 
the  arm  and  balls  bear  to  each  other. 

Let  EDCedc  (fig,  4)  be  the  arm.  B  and  b  the  balls,  Cs  the  suspending 
wire.  The  arm  consists  of  4  parts;  first,  a  deal  rod  Dcd.  73,3  inches  long; 
2d,  the  silver  wire  DCd,  weighing  170  grains;  3d,  the  end  pieces  DE  and 
ed,  to  which  the  ivory  vernier  is  fastened",  each  of  which  weighs  45  grains; 
and  4th,  some  brass  work  Cc,  at  the  centre.  The  deal  rod,  when  dry, 
weighs  2320  grains,  but  when  very  damp,  as  it  commonly  was  during  the 
experiments,  weighs  2400;  the  transverse  section  is  of  the  shape  repre- 
sented in  fig.  5 ;  the  thickness  BA ,  and  the  dimensions  of  the  part  DEed, 
being  the  same  in  all  parts;  but  the  breadth  Bb  diminishes  gradually,  from 
the  middle  to  the  ends.   The  area  of  this  section  is  ,33  of  a  square  inch  at 
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the  middle,  and  ,146  at  the  end;  and  therefcMne,  if  any  point  x  (fig.  4.)  is 

taken  in  cd,  and  ^  is  called  x,  this  rod  weighs    ^ — ^     \  P^  ^^  ^*  ^^ 

middle;  240ox,.i46  ^^  ^^  ^„     ^^  ^(^  ^  .33_-;x84i  ^  3320 -r848,  ^^ 
73.3  X  .238  73.3  .238  73.3 

jf;  and  therefore,  as  the  weight  of  the  wire  is  — ^—  per  inch,  the  deal  rod 
and  wire  together  may  be  considered  as  a  rod  whose  ^-eight  at  x 

=  — ^^- —    -  per  inch. 

733         ^ 

But  the  force  required  to  accelerate  any  quantity  of  matter  placed  at 
X,  is  proportional  to  x*;  that  is,  it  is  to  the  force  required  to  accelerate  the 
same  quantity  of  matter  placed  at  i/  as  ir*  to  i ;  and  therefore,  if  a/  is  called 
/,  and  X  is  supposed  to  flow,  the  fluxion  of  the  force  required  to  accelerate 

the  deal  rod  and  wire  is  proportional  to  ^^^- — — ,  the  fluent 

of  which,  venerated  while  x  flows  from  c  to  J,  =  x  34zz  — rzr  =  350; 

^  73.3        3  4 

so  that  the  force  required  to  accelerate  each  half  of  the  deal  rod  and  wire, 

is  the  same  as  is  required  to  accelerate  350  grains  placed  at  d. 

The  resistance  to  motion  of  each  of  the  jMeces  de,  is  equal  to  that  of 

48  grains  placed  at  d',  as  the  distance  of  their  centres  of  gravity  from  C  is 

38  inches.   The  resistance  of  the  brass  work  at  the  centre  may  be  disre- 

garded;  and  therefore  the  whole  force  required  to  accelerate  the  arm,  is 

the  same  as  that  required  to  accelerate  398  grains  [daced  at  each  of  the 

points  D  and  d. 

Each  of  the  balls  weighs  11 262  grains,  and  they  are  placed  at  the  same 

distance  from  the  centre  as  D  and  d\  and  therefore,  the  iovce  required  to 

accelerate  the  balls  and  arm  together,  is  the  same  as  if  each  ball  weighed 

11660,  and  the  arm  had  no  weight ;  and  theref(He,  supposing  the  time  of  a 

vibration  to  be  given,  the  force  required  to  draw  the  arm  aside,  is  greater 

than  if  the  arm  had  no  weight,  in  the  proportion  of  11660  to  11262,  or  of 

1.0353  to  I. 

To  find  the  attraction  of  the  weights  on  the  arm,  through  d  draw  the 

vertical  plane  dwb  perpendicular  to  Dd,  and  let  w  be  the  centre  of  the 

weight,  which,  though  not  accurately  in  this  plane,  may,  without  sensible 

error,  be  considered  as  placed  therein,  and  let  6  be  the  centre  of  the  ball; 

then  wb  is  horizontal  and  =  8,85,  and  db  is  \'ertical  and  =  5,5  \\etwd  =  a, 

wb  =  6,  and  let  j- ,  or  i  —  t  =  2 ;  then  the  attraction  of  the  weight  oa  a 

particle  of  matter  at  x,  in  the  direction  du\  is  to  its  attracticHi  on  the  same 

particle  placed  at  6  ::  &*  :  (a*  -r  2*/*)  ,  or  is  proportional  to — , ,  and 

(a*  -h  zV)^ 
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JB  X  I  —  i 
the  force  of  that  attraction  to  move  the  arm,  is  proportional  to . , 

and  the  weight  of  the  deal  rod  aud  wire  at  the  point  x,  was  before  said  to 


3490  -  1848X  _  1642  +18. 


be 

fluxion  of  the  power  to  move  the  arm 

-  /■      1642  +  1848;      6*  X  I-  z  _  . 
73.3     "         (««  +  zH^)^ 


per  inch;  and  therefore,  if  dx  flows,  the 


-9242) 


fe»z  X  821+  103^  + 


924a' 


6'  X  I  —  z 


924^*2  > 


(«» +  l*z^i 


[a*  +  /»2»)t 


_  ft*2  X  821  +  1032  -  924;* 


The  fluent  of  this 


and  the  force  with  which  the  attraction  of  the  weight,  on  the  nearest  half 
of  the  deal  rod  and  wire,  tends  to  move  the  arm,  is  proportional  to  this 
fluent  generated  while  z  flows  from  o  to  1,  that  is.  to  128  grains. 

The  force  with  wfiich  the  attraction  of  the  weight  on  the  end-piece  de 

tends  to  move  the  arm,  is  proportional  to  47  x  -3,  or  29  grains;  and  there- 
fore the  whole  power  of  the  weight  to  move  the  arm,  by  means  of  its 
attraction  on  the  nearest  part  thereof,  is  equal  to  its  attraction  on  157 
grains  placed  at  b.  which  is  yfjjj,  or  ,0139  of  its  attraction  on  the  ball. 

It  must  be  observed,  that  the  effect  of  the  attraction  of  the  weight  on 
the  whole  arm  is  rather  less  than  this,  as  its  attraction  on  the  farther  half 
draws  it  the  contrary  way;  but,  as  the  attraction  on  this  is  small,  in  com- 
parison of  its  attraction  on  the  nearer  half,  it  may  be  disregarded. 

The  attraction  of  the  weight  on  the  furthest  ball,  in  the  direction  bw, 
is  to  its  attraction  on  the  nearest  ball ::  wd^  :  wD'  r.  ,0017  ;  i ;  and  therefore 
the  effect  of  the  attraction  of  the  weight  on  both  balls,  is  to  that  of  its 
attraction  on  the  nearest  ball ::  ,9983  :  i. 

To  find  the  attraction  of  the  copper  rod  on  the  nearest  ball,  let  b  and  w 
(fig.  6.)  be  the  centres  of  the  ball  and  weight,  and  ea  the  perpendicular  part 
of  the  copper  rod,  which  consists  of  two  parts,  ad  and  de.  ad  weighs  22000 
grains,  and  is  16  inches  long,  and  is  nearly  bisected  by  w.  de  weighs  41000, 
and  is  46  inches  long,  wb  is  8,85  inches,  and  is  pyerpendicular  to  ew.  Now, 
the  attraction  of  a  line  ew.  of  uniform  thickness,  on  b,  in  the  direction  bw, 
is  to  that  of  the  same  quantity  of  matter  placed  at  w  ".bw  :  eb;  and  there- 
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fore  the  attraction  of  the  part  da  equals  that  of  -jr .  or  16300, 

placed  at  v;  and  the  attraction  of  ie  equals  that  of 


bw     dw     bw 


4iooox^<--4iooox^x^, 

or  2500,  placed  at  the  same  point;  so  that  the  attraction  of  the  peqjen- 
dicular  part  of  the  copper  rod  on  6,  is  to  that  of  the  weight  thereon,  as 
18800 :  2439000,  CM-  as  .00771  to  I.  As  for  the  attraction  of  the  inclined 
part  of  the  rod  and  wooden  bar,  marked  Pr  and  rr  in  fig.  i,  it  may  safely 
be  neglected,  and  so  may  the  attraction  of  the  whole  rod  on  the  arm  and 
farthest  ball ;  and  therefore  the  attraction  of  the  weight  and  copper  rod, 
on  the  arm  and  both  balls  together,  exceeds  the  attraction  of  the  weight 
on  the  nearest  ball,  in  the  proportion  of  ,9983  —  ,0139  -r  ,0077  to  <Mie,  or 
of  1,0199  to  I. 

The  next  thing  to  be  considered,  is  the  attraction  of  the  mahogany 
case.  Now  it  is  evident,  that  when  the  arm  stands  at  the  middle  division, 
the  attractions  of  the  opposite  sides  of  the  case  balance  each  other,  and 
have  no  power  to  draw  the  arm  either  way.    When  the  arm  is  remov'ed 
from  this  division,  it  is  attracted  a  Uttle  towards  the  nearest  side,  so  that 
the  force  required  to  draw  the  arm  aside  is  rather  less  than  it  would  other- 
wise be;  but  yet,  if  this  force  is  proportional  to  the  distance  of  the  arm 
from  the  middle  division,  it  makes  no  error  in  the  result ;  for,  though  the 
attraction  will  draw  the  arm  aside  more  than  it  would  otherwise  do,  yet, 
as  the  accelerating  force  by  which  the  arm  is  made  to  vibrate  is  diminished 
in  the  same  proportion,  the  square  of  the  time  of  a  vibration  will  be  in- 
creased in  the  same  proportion  as  the  space  by  which  the  arm  is  drawn 
aside,  and  therefwe  the  result  will  be  the  same  as  if  the  case  exerted  no 
attraction;  but,  if  the  attraction  of  the  case  is  not  proportional  to  the 
distance  of  the  arm  from  the  middle  point,  the  ratio  in  which  the  accelera- 
ting force  is  diminished  is  different  in  diflferent  parts  of  the  vibration,  and 
the  square  of  the  time  of  a  vibration  will  not  be  increased  in  the  same 
proportion  as  the  quantity  by  which  the  arm  is  drawn  aside,  and  therefore 
the  result  will  be  altered  thereby. 

On  computation,  I  find  that  the  fc»rce  by  virtiich  the  attracti(xi  draws 
the  arm  from  the  centre  is  far  from  being  proportional  to  the  distance,  but 
the  whole  force  is  so  small  as  not  to  be  worth  regarding ;  few,  in  no  position 
of  the  arm  does  the  attraction  of  the  case  on  the  balls  exceed  that  of  ^th 
of  a  spheric  inch  of  water,  placed  at  the  distance  of  i  inch  from  the  centre 
of  the  balls;  and  the  attraction  of  the  leaden  weight  equals  that  of  10,6 
spheric  feet  of  water  placed  at  S.S5  inches,  or  of  234  spheric  inches  placed 
at  I  inch  distance ;  so  that  the  attraction  of  the  case  on  the  balls  can  in  no 
position  of  the  arm  exceed  ^jVo  of  that  of  the  weight.  The  computati(xi 
is  given  in  the  Appendix. 
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It  has  been  shewn,  therefore,  that  the  force  required  to  draw  the  arm 
aside  one  division,  is  greater  than  it  would  be  if  the  arm  had  no  weight. 


in  the  ratio  of  1,0353  to  i.  and  therefore 


=  ^^^  of  the  weight  of  the 


ball;  and  moreover,  the  attraction  of  the  weight  and  copper  rod  on  the 
arm  and  both  balls  together,  exceeds  the  attraction  of  the  weight  on  the 


i,oiQq        -  ,, 
=  o  --rs  of  the 

8739000D 


nearest  ball,  in  the  ratio  of  1,0199  to  ^-  ^^""^  therefore  = 

weight  of  the  ball ;  consequently  D  is  really  equal  to 

8i8JV^         1,0199  ^'        ■    .    J    f      ^" 

X  „     —     n,  or      „     r>,  instead  of     -,o-n. 

1.0353      8739000B         10844B  106835 

as  by  the  former  computation.    It  remains  to  be  considered  how  much  this 
is  affected  by  the  position  of  the  arm. 

Suppose  the  weights  to  be  approached  to  the  balls;  let  W  (fig.  7.)  be  the 
centre  of  one  of  the  weights;  let  M  be  the  centre  of  the  nearest  ball  at  its 
mean  position,  as  when  the  arm  is  at  20  divisions ;  let  S  be  the  point  which 
it  actually  rests  at;  and  let  .4  be  the  point  which  it  would  rest  at,  if  the 
weight  was  removed;  consequently,  AB  is  the  space  by  which  it  is  drawn 
aside  by  means  of  the  attraction ;  and  let  M^  be  the  space  by  which  it 
would  be  drawn  aside,  if  the  attraction  on  it  was  the  same  as  when  it  is 
at  M.  But  the  attraction  at  B  is  greater  than  at  M,  in  the  proportion  of 
WM^ :  WB*:  and  therefore. 


AB=  M^x 


WB^ 


%40  ,     2^S  I 


Let  now  the  weights  be  moved  to  the  contrary  near  position,  and  let 
w  be  now  the  centre  of  the  nearest  weight,  and  b  the  point  of  rest  of  the 
centre  of  the  ball ;  then 


I 


so  that  the  whole  motion  Bb  is  greater  than  it  would  be  if  the  attraction 

on  the  ball  was  the  same  in  all  places  as  it  is  at  M.  in  the  ratio  of  i  +  -^^^ 

to  one;  and,  therefore,  does  not  dei>end  sensibly  on  the  place  of  the  arm, 
in  either  position  of  the  weights,  but  only  on  the  quantity  of  its  motion, 
by  moving  them. 

This  variation  in  the  attraction  of  the  weight,  affects  also  the  time  of 
vibration;  for,  suppose  the  weights  to  be  approached  to  the  balls,  let  W 
be  the  centre  of  the  nearest  weight ;  let  B  and  A  represent  the  same  things 
as  before;  and  let  x  be  the  centre  of  the  ball,  at  any  point  of  its  vibration; 
let  AB  represent  the  force  with  which  the  ball,  when  placed  at  B.  is  drawn 
towards  .4  by  the  stiffness  of  the  wire;  then,  as  B  is  the  point  of  rest,  the 
attraction  of  the  weight  thereon  will  also  equal  AB;  and,  when  the  ball 
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is  at  X,  the  force  with  whicE  it  is  drawn  towards  A,  by  the  sti£Eiiess  of  the 
wire,  =  Ax,  and  that  with  which  it  is  drawn  in  the  contrary  direction,  by 

the  attraction,  =  AB  x  -.^-  -  ;  so  that  the  actual  force  by  which  it  is  drawn 

towards  A 

=  Ax ^—     =AB-rBx-AB  y.i-h^^^  =  Bx ffg— • 

very  nearly.  So  that  the  actual  force  with  which  the  ball  is  drawn  towards 

the  middle  point  of  the  \ibration,  is  less  than  it  would  be  if  the  weights 

2AB 
were  remo\'ed,  in  the  ratio  of  i  —  .,,^  to  one,  and  the  square  of  the  time 

2AB 

of  a  vibration  is  increased  in  the  ratio  of  i  to  i  —  j^v^ ;  which  differs  very 

Utile  from  that  of  i  +  ififr  to  i,  which  is  the  ratio  in  which  the  motion  of 

the  arm,  by  mo\ing  the  weights  from  one  near  position  to  the  other,  is 
increased. 

The  motion  of  the  ball  answering  to  one  di\ision  of  the  arm  =  ^    ; 

^  20  X  38.3 

and,  if  mB  is  the  motion  of  the  ball  ansi^'ering  to  d  divisions  on  the  arm, 

^g  = 4'^  o  o-  =  4-:  and  therefore,  the  time  of  vibration,  and 

WM      20  X  38.3  X  8,85      185 

motion  of  the  arm,  must  be  corrected  as  follows: 

If  the  time  of  vibration  is  determined  by  an  experiment  in  which  the 

weights  are  in  the  near  position,  and  the  motion  of  the  arm,  by  moxing  the 

weights  from  the  near  to  the  midway  position,  is  d  di\'isions,  the  obserN'ed 

time  must  be  diminished  in  the  subduplicate  ratio  of  i  — -     to  i,  that  is, 

in  the  ratio  of  i  — ^    to  i ;  but,  when  it  is  determined  by  an  experiment 

in  which  the  weights  are  in  the  midway  position,  no  correction  must  be 

applied. 

To  correct  the  motion  of  the  arm  caused  by  moxing  the  weights  from  a 

near  to  the  midway  position,  or  the  reverse,  obser\'e  how  much  the  position 

of  the  arm  differs  from  20  divisions,  when  the  weights  are  in  the  near 

position :  let  this  be  n  divisions,  then,  if  the  arm  at  that  time  is  on  the  same 

side  of  the  di\-ision  of  20  as  the  weight,  the  observed  motion  must  be 

2n 
diminished  bv  the  -o-  part  of  the  whole;  but,  otherwise,  it  must  be  as 

185  '^ 

much  increased. 

If  the  weights  are  moved  from  one  near  position  to  the  other,  and  the 

motion  of  the  arm  is  2d  divisions,  the  observed  motion  must  be  diminished 

2d 
by  the    ^    part  of  the  whole. 
105 
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If  the  weights  are.moved  from  one  near  position  to  the  other,  and  the 
time  of  vibration  is  determined  while  the  weights  are  in  one  of  those 
positions,  there  is  no  need  of  correcting  either  the  motion  of  the  arm,  or 
the  time  of  vibration. 

CONCLUSION 


The  following  Table  contains  the  Result  of  the  Experiments. 

I 

Exper.       Mot.  weight 

Mot.  aim. 

Do.  con 

Time  vib. 

Do.  corr. 

Density. 

T 

[m.  to  + 

14.32 

13.42 

5.5 

X                               " 

[+  to  m. 

14.1 

13.17 

.    I4'.55" 

5.61 

2 

jm.  to  -!- 

15.87 

14.69 

4.88 

4b« 

1+  to  m. 

15.45 

14.14 

14,42 

— 

5.07 

3 

+  to  m. 

15.22 

13.56 

14.39 

— 

5.26 

m.  to  + 

14.5 

13,28 

14.54 

— 

5,55 

m.  to  + 

3.1 

2.95 

6,54 

5.36 

4 

+  to  - 

6.18 

7.1 

— 

5,29 

-  to  + 

5.92 

7.3 

— 

5,58 

5 

+  to  - 
-  to  + 

5,9 

7.5 

5.65 

5.98 

7.5 

— 

5.57 

6                   H 

m.  to  — 

3.03 

2,9 

5.53 

\J 

-  to-h 

5.9 

5,71 

— 

5.62 

7 

m.  to  — 

3.15 

3.03 

by  mean 

5.29 

-  to  + 

6,1 

5.9 

6,57 

5.44 

8 

m.  to  — 

3.13 

3.00 

5.34 

v/ 

-  to  + 

5.72 

5.54J 

5.79 

9 

+  to  - 

6.32 



6.58 

5.1 

10 

+  to  - 

6.15 

6.59 

5.27 

II 

+  to  - 

6,07 

7.1 

5.39 

12 

-  to  + 

6,09 

7.3 

5.42 

13 

[-  to  + 

6,12 

7.6 

5.47 

,+  to- 

5.97 

7.7 

— 

5.63 

T  A 

-  to  + 

6,27 

7.6 

— 

5.34 

14 

+  to  - 

6,13 

7.6 

— 

5.46 

15 

-  to  + 

6,34 

7>7 

— 

5.3 

16 

-  to  + 

6,1 

7,16 

5.75 

.    { 

-  to  + 

5.78 

7.2 

5.68 

.+  to- 

5.64 

7.3 

— 

5.85 

From  this  table  it  appears,  that  though  the  experiments  agree  pretty 
well  together,  yet  the  difference  between  them,  both  in  the  quantity  of 
motion  of  the  arm  and  in  the  time  of  vibration,  is  greater  than  can  proceed 
merely  from  the  error  of  observation.  As  to  the  difference  in  the  motion 
of  the  arm,  it  may  very  well  be  Accounted  for,  from  the  current  of  air  pro- 
duced by  the  difference  of  temperature ;  but,  whether  this  can  account  for 
the  difference  in  the  time  of  vibration,  is  doubtful.    If  the  current  of  air 
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was  regular,  and  of  the  same  swiftness  in  all  parts  of  the  vibration  of  the 
ball^  I  think  it  coold  not :  but,  as  there  will  most  likely  be  modi  irregularity 
in  the  current,  it  mav  ven*  likelv  be  sufficient  to  account  for  the  difierence. 

^  «  4« 

By  a  mean  of  the  e:xpenments  made  with  the  wire  first  used,  the  density 
of  the  earth  comes  out  3,4s  times  greater  than  that  of  water:  and  by  a 
mean  of  those  made  with  the  latter  wire,  it  comes  out  the  same;  and  the 
extreme  difference  of  the  results  of  the  2;^  observations  made  with  this 
wire,  is  only  .75 :  so  that  the  extreme  results  do  not  differ  from  the  mean 
by  more  than  .3S.  or  t^  of  the  whole,  and  therefore  the  density  should 
seem  to  be  determined  hereby,  to  great  exactness.  It,  indeed,  may  be 
objected,  that  as  the  result  appears  to  be  influenced  by  the  current  of  air, 
or  some  other  cause,  the  laws  of  which  we  are  not  well  acquainted  with, 
this  cause  may  perhap>s  act  always,  or  commonly,  in  the  same  direction, 
and  thereby  make  a  considerable  error  in  the  result.  But  wt,  as  the 
experiments  were  tried  in  \"arious  weathers,  and  with  considerable  \-ariety 
in  the  difference  of  temp)erature  of  the  ^^-eights  and  air.  and  with  the  arm 
resting  at  different  distances  from  the  sides  of  the  case,  it  seems  very  un- 
likely that  this  cause  should  act  so  uniformly  in  the  same  way.  as  to  make 
the  error  of  the  mean  result  nearly  equal  to  the  difference  between  this 
and  the  extreme ;  and.  therefore,  it  seems  ver\'  unlikely  that  the  density 
of  the  earth  should  differ  from  5.4S  by  so  much  as  ji^  of  the  ^riiole. 

Another  objection,  perhaf)s,  may  be  made  to  these  experiments,  namely, 
that  it  is  imcertain  whether,  in  these  small  distances,  the  force  of  gra\ity 
follows  exactly  the  same  law  as  in  greater  distances.  There  is  no  reason, 
however,  to  think  that  any  irregularity  of  this  kind  takes  place,  imtil  the 
bodies  come  within  the  action  of  what  is  called  the  attraction  of  cohesion, 
and  which  seems  to  extend  only  to  \-er\'  minute  distances.  With  a  \"iew  to 
see  whether  the  result  could  be  affected  by  this  attraction.  I  made  the 
9th,  loth,  nth,  and  15th  experiments,  in  which  the  balls  were  made  to 
rest  as  close  to  the  sides  of  the  case  as  they  could :  but  there  is  no  difference 
to  be  depended  on.  between  the  results  imder  that  circumstance,  and  when 
the  balls  are  placed  in  any  other  part  of  the  case. 

According  to  the  experiments  made  by  Dr.  Maskelyne.  on  the  attraction 
of  the  hill  Schehallien.  the  density  of  the  earth  is  4 J  times  that  of  water; 
which  differs  rather  more  from  the  preceding  determination  than  I  should 
have  expected.  But  I  forbear  entering  into  any  consideration  of  which 
determination  is  most  to  be  depended  on.  till  I  have  e.xamined  more 
carefully  how  much  the  preceding  determination  is  affected  by  irregu- 
larities whose  quantity  I  cannot  measure. 
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APPENDIX 

On  the  Attraction  of  the  Mahogany  Case  on  the  Balls, 

The  first  thing  is,  to  find  the  attraction  of  the  rectangular  plane  ckpb  (fig.  8.) 
on  the  point  a,  placed  in  the  line  ac  perpendicular  to  this  plane. 

Let  ac  =  a,  c^  =  6,  c6  =  x,  and  let  - ^  - — ^  =  w^,  and  -= ^  =  t;«  then  the 

a"  -^  x^  a^  -\-  x^ 

attraction  of  the  line  hB  on  a,  in  the  direction  ah,  =  -r—r.:  and  therefore  if 

ab  X  ap  ' 

cb  flows,  the  fluxion*  of  the  attraction  of  the  plane  on  the  point  a,  in  the  direction 

cb, 

__  _    bx  X —  bw        _       —  bw  —  t) 

~  Va^x^  X  Va^WTx*     Va^  +lr«  ~  ^    /^%~~^  "  Vb^^^T7^ ""  ViTP* 

the  variable  part  of  the  fluent  of  which  =  -  log.  v  +  Vi  +  v*,  and  therefore  the 

X  rffTr~s) '  ^^  ^^^  ^^^  attraction  of  the  plane, 

in  the  direction  cb,  is  found  readily  by  logarithms,  but  I  know  no  way  of  finding 
its  attraction  in  the  direction  ac,  except  by  an  infinite  series. 

The  two  most  convenient  series  I  know,  are  the  following: 
First  series.    Let  -  =  tt,  and  let  A  =  arc  whose  tang,  is  tt, 

B  =  A-n,  C^B  +  -,  D  =  C --,&€. 

3  5 

then  the  attraction  in  the  direction  ac 

^  Vi  -  w*  X  A  + +  ^ +  ^   ^    .  - ,  &c. 

2         2.4        2.4.6 

For  the  second  series,  let  A  =  arc  whose  tang. 

=  -,  B  =  ^  --,  C  =  B  +  -^.  />  =  C-4x.  &c. 

TT  TT  37r*  57r* 

then  the  attraction 

=  arc 


//     .     «x       A      ^v*  .  3Cv*      3.5^v*    o 
^         V  ^  '  2        2.4       2.4.6 

It  must  be  observed,  that  the  first  series  fails  when  tt  is  greater  than  unity, 
and  the  second,  when  it  is  less;  but,  if  b  is  taken  equal  to  the  least  of  the  two 
lines  ck  and  cb,  there  is  no  case  in  which  one  or  the  other  of  them  may  not  be 
used  conveniently. 

By  the  help  of  these  series,  I  computed  the  following  table  [p.  286]. 

ck  cb 

Find  in  this  table,  with  the  argument  —r  at  top,  and  the  argument  -7  in  the 

left-hand  column,  the  corresponding  logarithm ;  then  add  together  this  logarithm, 

ck  cb 

the  logarithm  of  -r,  and  the  logarithm  of  -7;  the  sum  is  logarithm  of  the 

attraction. 
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.8575 
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03778 

04867 
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.9815 

00271 

OIOI9 

02084 

03193 

04368 
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07478 
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12849 

t 

00284 

01054 

02135 

03347 

04560 

05975 

07978 

10789 

14632 

I, 


I96I2 


To  compute  from  hence  the  attraction  of  the  case  on  the  ball,  let  the  box 
DCBA,  (fig.  I.)  in  which  the  ball  plays,  be  divided  into  two  parts,  by  a  vertical 
section,  perpendicular  to  the  length  of  the  case,  and  passing  through  the  centre 
of  the  ball;  and,  in  fig.  9,  let  the  parallelopiped  ABDEabde  be  one  of  these  parts, 
ABDE  being  the  abovementioned  vertical  section;  let  x  be  the  centre  of  the 
ball,  and  draw  the  paraUelogram  ^npmhx  parallel  to  BbdD,  and  xgrp  parallel 
to  pBbn,  and  bisect  j3S  in  c.  Now,  the  dimensions  of  the  box,  on  the  inside,  are 
Bb  =  1,75;  BD  =  3,6;  BP  =  1,75;  and  M  =  5;  whence  I  find,  that  if  xc  and  fix 
are  taken  as  in  the  two  upper  lines  of  the  following  table,  the  attractions  of  the 
different  parts  are  as  set  down  below. 

xc 
px 

Excess  of  attract,  of  Ddrg  above  Bbrg 

tndrp  above  nhrp 
m^s^  above  nasp 

Sum  of  these 

Excess  of  attract,  of  Bbn^  above  Ddtnh 
„  „  Aanfi  above  Ecm^ 

Whole  attraction  of  the  inside  surface  of  the 
oaii  Dox        •*•  •••  •••  •••  •«• 


tt 


»t 


*t 


tt 


.75 

...  1,05 

.5 
1.3 

.25 
1.55 

.2374 
.2374 
.3705 

,1614 
,1614 
.2516 

.0813 
.0813 
,1271 

...     .8453 

.5744 

.2897 

,5007 
.4677 

.3271 
.3079 

,1606 
.1525 

.1231 


,0606 


»0234 


It  appears,  therefore,  that  the  attraction  of  the  box  on  x  increases  faster 
than  in  proportion  to  the  distance  xc. 

The  specific  gravity  of  the  wood  used  in  this  case  is  ,61,  and  its  thickness  is 
I  of  an  inch;  and  therefore,  if  the  attraction  of  the  outside  surface  of  the  box 
was  the  same  as  that  of  the  inside,  the  whole  attraction  of  the  box  on  the 
ball,  when  ex  =  ,75,  would  be  equal  to  2  x  ,1231  x  ,61  x  |  cubic  inches,  or 
,201  spheric  inches  of  water,  placed  at  the  distance  of  one  inch  from  the  centre 
of  the  ball.  In  reality,  it  can  never  be  so  great  as  this,  as  the  attraction  of  the 
outside  surface  is  rather  less  than  that  of  the  inside ;  and,  moreover,  the  distance 
of  X  from  c  can  never  be  quite  so  great  as  ,75  of  an  inch,  as  the  greatest  motion 
of  the  arm  is  only  ij  inch. 


[    ^87    ] 
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XIII.  Ofi  an  Improvement  in  the  Manner  of  dividing 
astronomical  Instruments.  By  Henry  Cavendish, 
Esq.,  KR.S. 

Ihe  great  inconvenience  and  difficiiltyin  the  common  method  of  dividing, 
arises  from  the  danger  of  bruising  the  divisions  by  putting  the  point  of 
the  compass  into  them,  and  from  the  difficulty  of  placing  that  point  mid- 
way, between  two  scratches  very  near  together,  without  its  slipping  towards 
one  of  them;  and  it  is  this  imperfection  in  the  common  process,  which 
appears  to  have  deterred  Mr.  Troughton  from  using  it,  and  thereby  gave 
rise  to  the  ingenious  method  of  dividing  described  in  the  preceding  part 
of  this  volume  [Troughton,  Phil,  Trans.  1S09,  105].  This  induced  me  to 
consider,  whether  the  abovementioned  inconvenience  might  not  be  re- 
moved, by  using  a  beam  compass  with  only  one  point,  and  a  microscope 
instead  of  the  other;  and  I  find,  that  in  the  following  manner  of  proceeding. 
we  have  no  need  of  ever  setting  the  point  of  the  compass  into  a  division, 
and  consequently  that  the  great  objection  to  the  old  method  of  dividing 
is  entirely  removed. 

In  this  method,  it  is  necessary  to  have  a  convenient  support  for  the 
beam  compass :  and  the  following  seems  to  me  to  be  as  convenient  as  any. 
Let  CC  (Fig,  I.)  be  the  circle  to  be  divided,  BBB  a  frame  resting  steadily 
on  its  face,  and  made  to  slide  round  on  it  with  an  adjusting  motion  to  bring 
it  to  any  required  point:  dH  is  the  beam  compass,  having  a  point  near  S, 
and  a  microscope  m  made  to  slide  from  one  end  to  the  other,  This  beam 
compass  is  supported  at  d.  in  such  manner  as  to  turn  round  on  this  point 
as  a  center,  without  shake  or  tottering;  and  at  the  end  &  it  rests  on  another 
support,  which  can  readily  be  lowered,  so  as  either  to  let  the  point  rest 
on  the  circle,  or  to  prevent  its  touching  it.  It  must  be  obser\'ed.  however, 
that  as  the  distance  of  d  from  the  center  of  the  circle  must  be  varied. 
according  to  the  magnitude  of  the  arch  to  be  dinded,  the  piece  on  which 
d  is  supported  liad  best  be  made  to  slide  nearer  to,  or  further  from,  the 
center;  but  the  frame  must  be  made  to  bear  constantly  against  the  edge 
of  the  circle  to  be  divided,  so  that  the  distance  of  d  from  the  center  of  this 
circle,  shall  not  alter  by  sliding  the  frame. 
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This  being  premised,  we  uill  first  consider  the  manner  of  dix-iding  by 
continued  bisection.  Let  F  and  /  be  two  points  on  this  limb  which  are  to 
be  bisected  in  if>.  Take  the  distance  of  the  microscope  from  the  point 
nearly  equal  to  the  chord  of  yj^,  and  place  d  so  that  the  point  and  the  axis 
of  the  microscope  shall  both  be  in  the  circle  in  which  the  dixisions  are  to 
be  cut.  Then  sUde  the  frame  BBB  till  the  wire  of  the  microscope  bisects 
the  point  F\  and  haWng  lowered  the  support  at  S,  make  a  faint  scratch 
with  the  point. 

Haxing  done  this,  turn  the  beam  compass  roimd  on  the  center  d  till 
the  point  comes  to  D,  where  it  must  rest  on  a  support  similar  to  that  at  S ; 
and  ha\Tng  slid  the  frame  till  the  wire  of  the  microscope  bisects  the  point 
/,  make  another  faint  scratch  with  the  point,  which,  if  the  distance  of  the 
microscope  from  the  point  has  been  well  taken,  wiD  be  very  near  the 
former  scratch ;  and  the  point  mid-way  between  them  will  be  the  accurate 
bisection  of  the  arch  Ff\  but  it  is  unnecessary,  and  better  not  to  attempt 
to  place  a  point  between  these  two  scratches. 

Having  by  these  means  determined  the  bisection  at  ^,  we  must  bisect 
the  arches  F^  and  fif>  in  just  the  same  manner  as  before,  except  that  the 
wire  of  the  microscope  must  be  made  to  bisect  the  inter\'al  between  the 
two  faint  scratches,  instead  of  bisecting  a  point. 

It  must  be  observed  that  when  the  arch  to  be  bisected  is  small,  it  wiU 
be  necessary  to  use  a  bent  point,  as  otherwise  it  could  not  be  brought  near 
enough  to  the  axis  of  the  microscope ;  and  then  part  of  the  ra}^,  which 
form  the  image  cf  the  object  seen  by  the  microscope,  wiD  be  intercepted 
by  the  point ;  but  I  believe,  that  by  proper  management  this  may  be  done 
without  either  making  the  point  too  weak,  or  making  the  image  indistinct; 
but  if  this  cannot  be  done,  we  may  ha\e  recourse  to  Mr.  Troughton's ex- 
pedient of  bisecting  an  odd  number  of  contiguous  divisions. 

It  must  be  observed  too,  that  in  the  bisections  of  all  the  arches  of  the  same 
magnitude,  the  position  of  the  point  d  on  the  frame  remains  unaltered ;  but 
its  position  must  be  altered  every  time  the  magnitude  of  the  arch  is  altered. 

It  is  scarcely  necessary  to  say,  that  the  bisections  thus  made  are  not 
intended  as  the  real  divisions,  but  only  as  marks  from  which  they  are  to 
be  cut.  In  order  to  make  the  real  divisions,  the  microscope  must  be  placed 
near  the  point,  and  the  support  d  must  be  placed  so  that  di  shall  be  a 
tangent  to  the  circle  at  S.  The  wire  of  the  microscope  must  then  be  made 
to  bisect  one  of  these  marks,  and  a  point  or  division  cut  with  the  point, 
and  the  process  continued  till  the  divisions  are  all  made. 

It  is  plain  that  in  this  way,  without  some  further  precaution,  we  must 
depend  on  the  microscope  not  altering  its  position  in  respect  of  the  point 
during  the  operation ;  for  which  reason  I  should  prefer  placing  the  axis  of 
the  microscope  at  exactly  the  same  distance  from  the  center  of  motion  d, 
as  the  point ;  but  removed  from  it  sideways,  by  nearly  the  semi-diameter 
of  the  object  glass;  so  that  having  made  the  division,  we  may  move 
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the  beam  compass  till 
the  division  comes  with- 
in the  field  of  the  mi- 
croscope, and  then  see 
whether  it  is  bisected 
by  the  wire,  and  conse- 
quently see  whether  the 
microscope  has  altered 
its  place. 

In  the  operation  of 
bisection,  as  above  de- 
scribed, it  may  be  ob- 
served, that  if  the  two 
scratches  are  placed  so 
near  together,  that  in 
making  the  second  the 
point  of  the  compass 
nms  into  the  burr  raised 
by  the  first,  there  seems 
to  be  some  danger  that 
the  point  may  be  a  little 
deflected  from  its  true 
course ;  though  in  Bird's 
accoimt  of  his  method, 
I  do  not  find  that  he 
apprehends  any  incon- 
venience from  it.  One 
way  of  obviating  this 
inconvenience,  if  it  does 
exist,  would  be  to  set 
the  beam  compass  not 
so  exactly  to  the  true 
length,  as  that  one 
scratch  should  run  into 
the  burr  of  the  other; 
but  as  this  would  make 
it  more  difficult  to  judge 
of  the  true  point  of 
bisection,  perhaps  it 
might  be  better  to  make 
one  scratch  extend  from 
the  circle  towards  the 
center,  and  the  other 
from  it. 


B 


S^r 
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It  is  clear,  that  the  entire  arc  of  a  circle  cannot  be  divided  to  degrees, 
without  trisection  and  quinquesection ;  and  I  do  not  know  whether  our 
artists  have  recoiu-se  to  this  operation,  or  whether  they  avoid  it  by  some 
contrivance  similar  to  Bird's,  namely,  that  of  laying  down  an  arch  capable 
of  continued  bisection;  but  if  the  method  of  quinquesection  is  preferred, 
it  may  be  performed  by  either  of  the  three  following  methods: 

First  Method. 

Let  aa  (Fig.  2)  be  the  arch  to  be  quinquesected.  Open  the  beam  com- 
pass to  the  chord  of  one  fifth  of  this  arch;  bring  the  microscope  to  a,  and 
with  the  point  make  the  scratch  /;  then  bring  the  microscope  to  /,  and 
draw  the  scratch  c]  and  in  the  same  manner  make  the  scratches  d  and  6. 
Then  turn  the  beam  compass  half  round,  and  having  brought  the  micro- 
scope to  a,  make  the  scratch  j3;  and  proceeding  as  before,  make  the 
scratches  S,  €  and  <f>.  Then  the  true  position  of  the  first  quinquesection  wiU 
be  between  b  and  j3,  distant  from  j3  by  one  fifth  of  6j3;  and  the  second  will 
be  distant  from  S  by  two  fifths  of  rfS,  and  so  on. 

Then,  in  subdividing  these  arches,  and  striking  the  true  divisions,  the 
wire  of  the  microscope,  instead  of  bisecting  the  interval  between  the  two 
scratches,  must  be  brought  four  times  nearer  to  j3  than  to  b.  But  in  order 
to  avoid  the  confusion  which  would  otherwise  proceed  from  this,  it  will  be 
necessary  to  place  marks  on  the  limb  opposite  to  all  those  divisions,  in 
which  the  interval  of  the  scratches  is  not  to  be  bisected,  shewing  in  what 
proportion  they  are  to  be  divided ;  and  these  marks  should  be  placed  so  as 
to  be  visible  through  the  microscope,  at  the  same  time  as  the  scratches. 
Perhaps,  the  best  way  of  forming  these  marks,  would  be  to  make  dots 
with  the  point  of  the  beam  compass  contiguous  to  that  scratch  which  the 
wire  is  to  be  nearest  to,  which  may  be  done  at  the  time  the  scratch  is 
drawn. 

Perhaps  an  experienced  eye  might  be  able  to  place  the  wire  in  the 
proper  manner,  between  the  two  scratches,  without  further  assistance; 
but  the  most  accurate  way  would  be  to  have  a  moveable  wire  with  a 
micrometer,  in  the  focus  of  the  microscope,  as  well  as  a  fixed  one;  and  then 
having  brought  the  fixed  wire  to  6,  bring  the  moveable  one  to  j3,  and 
observe  the  distance  of  the  two  wires  by  the  micrometer;  then  reduce  the 
distance  of  the  two  wires  to  one  fifth  part  of  this,  and  move  the  frame  till 
the  moveable  wire  comes  to  j3,  and  then  the  fixed  wire  will  be  in  the  proper 
position,  that  is  four  times  nearer  to  j3  than  to  b. 

It  will  be  a  great  convenience,  that  the  moveable  wire  should  be  made 
in  such  manner,  as  to  be  readily  distinguished  from  the  fixed,  without  the 
trouble  of  moving  it. 

In  this  manner  of  proceeding,  I  think  a  careful  operator  can  hardly 
make  any  mistake :  for  if  he  makes  any  cotisiderable  error  in  the  distance 
of  the  moveable  wire  from  the  fixed,  it  will  be  detected  by  the  fixed  wire 
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not  appearing  in  the  right  position,  in  respiect  of  the  two  scratches;  and 
as  the  mark  is  seen  through  the  microscope,  at  the  same  time  as  the 
scratches,  there  is  no  danger  of  his  mistaking  which  scratch  it  is  to  be 
nearest  to,  or  at  what  distance  it  is  to  be  placed  from  it. 

To  judge  of  the  comparative  accuracy  of  this  method  with  that  of 
bisection,  it  must  be  considered  that  the  arches  aj9,  ^S,  &c.  though  made 
with  the  same  opening  of  the  compass,  will  not  be  exactly  alike,  owing 
partly  to  irregularities  in  the  brass,  and  partly  to  other  causes.  I-et  us 
suppose,  therefore,  that  in  dividing  the  arch  aa  into  five  parts,  the  beam 
compass  is  opened  to  the  exact  length,  but  that  from  the  above-mentioned 
irregularities  the  arches  a^,  jSS,  St,  and  e0  are  all  too  long  by  the  small 
quantity  e.  and  that  the  arches  a/,  Je,  ed.  and  dh  are  all  too  short  by  the 
same  quantity,  which  is  the  supposition  the  most  unfavourable  of  any  to 
the  exactness  of  the  operation ;  then  the  error  in  the  position  of  ^  =  e, 
and  the  point  h  errs  4*  in  the  same  direction,  and  therefore  the  point 

assumed  as  the  true  point  of  quinquesection,  will  be  at  the  distance  of  ^ 

from  ^,  and  the  error  in  the  position  of  this  point  =  «  x  ij. 

By  the  same  way  of  reasoning,  the  error  in  the  position  of  the  point 
taken  between  d  and  S  =  «  x  z\. 

In  trisecting  the  error  of  each  point  =  «  -:  I  J;  and  in  bisecting,  the 
error  =  t ;  and  in  quadrisecting,  the  error  of  the  middle  point  =  2«. 

It  appears  therefore  that  in  trisecting,  the  greatest  error  we  are  Uable 
to  does  not  exceed  that  of  bisection  in  a  greater  proportion  than  that  of 
4  to  3;  but  in  quinquesecting  the  error  of  the  two  middle  points  is  2)! 
times  greater  than  in  bisecting.  It  must  be  considered,  however,  that  in 
the  method  of  continued  bisection,  the  two  opposite  points  must  be  found 
by  quadrisection ;  and  the  error  of  quinquesection  exceeds  that  of  quadri- 
section  in  no  greater  proportion  than  that  of  six  to  five ;  so  that  we  may 
fairly  say,  that  if  we  begin  with  quinquesection.  this  method  of  dividing 
is  not  greatly  inferior,  in  point  of  accuracy,  to  that  by  continued  bisection. 


Second  Method. 

This  differs  from  the  foregoing,  in  placing  dots  or  scratches  in  the  true 
points  of  quinquesection  and  trisection,  before  we  begin  to  subdivide.  For 
this  purpose,  we  must  have  a  microscope  placed  as  in  page  [287]  first  par. 
at  the  same  distance  from  the  center  of  motion  as  the  point  is;  and  this 
microscope  must  be  furnished  with  a  moveable  wire  and  micrometer,  as 
in  page  [290] ;  and  then  having  first  made  the  fixed  wire  of  this  microscope 
correspond  exactly  with  the  point,  we  must  draw  the  scratches  6  and  j9, 
dandB,  &c.  as  before,  and  bring  the  fixed  wire  to  the  true  point  of  quinque- 
section between  b  and  p,  in  the  manner  directed  in  page  [290],  and  with  the 
point  strike  the  scratch  or  dot;  and  if  we  please,  we  may,  for  further 
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security,  as  soon  as  this  is  done,  examine,  by  means  of  the  moveable  wire, 
whether  this  intermediate  scratch  or  dot  is  well  placed. 

The  advantage  of  this  method  is,  that  when  this  is  done,  we  may  sub- 
di\'ide  and  cut  the  true  divisions,  by  making  the  wire  of  the  microscope 
bisect  the  intermediate  scratches,  instead  of  being  obliged  to  use  the  more 
troublesome  operation  of  placing  it  in  the  proper  proportion  of  distance 
between  the  two  extremes. 

This  method  certainly  requires  less  attention  than  the  former,  and  on 
the  whole  seems  to  be  attended  with  considerably  less  trouble;  but  it  is 
not  quite  so  exact,  as  we  are  liable  to  the  double  error  of  placing  the  inter- 
mediate point  and  of  subdividing  from  it. 

As  in  this  method  the  intermediate  points  are  placed  by  means  of  the 
micrometer,  there  is  no  inconvenience  in  placing  the  extreme  scratches 
b  and  j8.  Ac.  at  such  a  distance  from  each  other,  that  the  intermediate  one 
shall  be  in  no  danger  of  running  into  the  bur  raised  by  the  extremes. 

Third  Method. 

Let  aa  (Fig.  3)  be  the  arrh  to  be  quinquesected;  lay  down  the  arches 
ab,  bd,  and  de,  as  in  the  first  method;  then  turn  the  beam  compass  half 
round,  and  lay  down  the  arches  ajS  and  j8S;  then,  without  altering  the 
frame,  move  the  moveable  wire  of  the  microscope  till  it  is  four  times  nearer 
to  S  than  to  e,  and,  having  first  rubbed  out  the  former  scratches,  lay  them 
down  again  with  the  compass  thus  altered;  but  as  this  method  possesses 
not  much,  if  any.  advantage  over  the  second,  in  point  of  ease,  and  is 
certainly  inferior  to  it  in  exactness,  it  is  not  worth  while  saying  anything 
further  about  it. 

It  was  before  said*,  that  the  center  of  motion  of  the  beam  compass  is  to 
be  placed,  so  that  the  point  and  axis  of  the  microscope  shall  both  be  in  the 
circle  in  which  the  divisions  are  made;  but  it  is  necessary  to  consider  this 
more  accurately.  Let  Ah  (Fig.  4)  be  the  circle  in  which  the  scratches  are 
to  be  made,  S  the  point  of  the  beam  compass,  which  we  will  suppose  to  be 
exactly  in  this  circle,  d  the  center  on  which  it  turns,  and  Mm  the  wire  in 
the  focus  of  the  microscope,  and  let  m  be  that  point  in  which  it  is  cut  by 
the  circle;  and  let  us  suppose  that  this  point  is  not  exactly  in  the  line  d&, 
then,  when  the  beam  compass  is  turned  round,  the  circle  will  cut  the  wire 
in  a  different  point  ^,  placed  as  much  on  one  side  of  dh,  as  m  is  on  the  other 
so  that  if  the  wire  is  not  perpendicular  to  dh,  the  arch  set  off  by  the  beam 
compass,  after  being  turned  round,  will  not  be  the  same  as  before ;  but  il 
it  is  perpendicular,  there  will  be  no  difference;  for  wliich  reason,  care 
should  be  taken  to  make  the  wire  exactly  perpendicular  to  dh,  which  is 
easily  examined  by  observing  whether  a  point  appears  to  run  along  it, 
while  the  beam  compass  is  turned  a  little  on  its  center.  It  is  also  necessary 
to  take  care  that  the  point  8  is  in  the  arc  of  the  circle,  while  the  bisection 
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is  observed  by  the  microscope,  which  may  most  conveniently  be  obtained, 
by  placing  a  stop  on  the  support  on  which  that  end  of  the  beam  compass 
rests.  If  proper  care,  howe\-er,  is  taken  in  placing  the  wire  perf>endicular, 
no  great  nicety  is  required  either  in  this  or  in  the  position  of  d. 

Another  tiling  to  be  attended  to,  in  making  the  wire  bisect  two  scratches, 
is  to  take  care  that  it  bisects  them  in  the  part  where  they  cut  the  circle; 
for  as  the  wire  is  not  perpendicular  to  the  circle,  except  in  very  small 
arches,  it  is  plain,  that  if  it  bisects  the  scratches  at  the  circle,  it  will  not 
bisect  them  at  a  distance  from  it. 

There  are  many  particulars  in  which  my  description  of  the  apparatus 
to  be  employed  will  appear  incomplete ;  but  as  there  is  nothing  in  it  which 
seems  attended  with  difficulty,  I  thought  it  best  not  to  enter  further  into 
particulars,  than  was  necessary  to  explain  the  principle,  and  to  leave  the 
rest  to  any  artist  who  may  choose  to  try  it. 

It  is  difficult  to  form  a  proper  judgment  of  the  conveniences  or  in- 
conveniences of  this  method,  without  experience;  but,  as  far  as  I  can 
judge,  it  must  have  much  advantage,  both  in  point  of  accuracy  and  ease, 
over  that  of  dividing  by  the  common  beam  compasses;  but  it  very  likely 
may  be  thought  that  Mr.  Troughton's  method  is  better  than  either. 
Whether  it  is  or  is  not,  must  be  left  for  determination  to  experience  and 
the  judgment  of  artists.  Thus  much,  however,  may  be  observed,  that  this, 
as  well  as  bis,  is  free  from  the  difficulty  and  inaccuracy  of  setting  the  point 
of  a  compass  exactly  in  the  center  of  a  division.  It  also  requires  much  less 
apparatus  than  his,  and  is  free  from  any  danger  of  error,  from  the  sUpping 
or  irregularity  in  the  motion  of  a  roller;  in  which  respect  his  method,  not- 
withstanding the  precautions  used  by  him,  is  perhaps  not  entirely  free 
from  objection;  and  what  with  some  artists  may  be  thought  a  considerable 
advantage,  it  is  free  from  the  danger  of  mistakes  in  computing  a  table  of 
errors,  and  in  adjusting  a  sector  according  to  the  numbers  of  that  table. 
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/\mong  the  manuscripts  preserved  at  Chatsworth  not  only  are  there 
the  "minutes,"  as  they  are  termed  by  Cavendish,  of  much  of  the  experi- 
mental matter  of  his  published  work,  arranged  more  or  less  systematically, 
and  paged  and  indexed  by  himself,  together  with  some  of  the  rough  drafts 
of  certain  of  his  memoirs  and  reports,  with  odds  and  ends  of  calculations, 
notes  and  memoranda,  abstracts  of  foreign  notices,  and  a  few  letters;  but 
there  are  also  a  variety  of  papers  relating  to  experiinental  inquiries,  some 
of  which  must  have  required  a  considerable  expenditure  of  time  and 
labour,  and  although  certain  of  these  papers  are  put  together  as  if  for  the 
press,  or  for  perusal  by  a  friend,  they  were,  for  reasons  which  are  not 
apparent,  withheld  from  publication.  In  a  few  cases  these  unpublished 
papers  were  obviously  intended  as  sections  of  memoirs  which  were  even- 
tually conununicated  to  the  Royal  Society  and  are  printed  in  the  Philo- 
sophical Trattsaclions.  In  others,  they  are  in  the  form  of  short  notes  on 
side-issues,  details  of  experiments  made  to  settle  queries  which  occurred 
in  the  course  of  the  main  inquiry,  but  which  even  when  settled,  and  in 
spite  of  their  occasional  interest  and  novelty,  he  refrained  from  publishing. 
The  manuscripts  deal  with  a  wide  range  of  subjects,  and  with  many 
departments  of  physical  science — ^mathematics,  astronomy,  geodesy, 
geology,  mineralogy,  chemistry,  heat,  electricity,  terrestrial  magnetism 
and  meteorology.  Some  small  portion  of  this  material  has  already  seen 
the  light.  The  Rev.  William  Vernon  Harcourt,  who  examined  the  papers 
in  connection  with  the  Water  Controversy,  printed  one  or  two  of  them  as 
a  postscript  to  his  address  in  1839  as  President  of  the  British  Association, 
and,  as  already  stated.  Professor  Clerk  Maxwell  has  sifted  and  published 
the  notes  of  experimental  work  relating  to  electricity.  Of  the  remainder, 
there  is,  of  course,  much  that  it  is  unnecessary  to  reproduce,  in  spite  of  its 
historical  interest.  Some  of  it  is  merely  the  detail  of  observations  akeady 
incorporated  in  the  published  memoirs.  Other  portions  are  too  fragmen- 
tary and  detached,  and  their  meaning  is  not  always  apparent.  But  there 
are  certain  of  the  papers,  more  especially  those  dealing  with  chemical  and 
physical  subjects  which  unquestionably  are  of  value  and  interest,  and 
should  find  a  place  in  any  account  of  Cavendish's  work  which  aims  at 
being  reasonably  complete.    Accordingly  when  drawn  up  by  Cavendish, 
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as  if  for  publication,  they  will  be  printed  in  extenso  in  what  foUows.  When 
still  in  the  form  of  "minutes  "  an  abstract  of  their  contents,  as  far  as  possible 
in  the  original  words,  will  be  given. 

It  is  not  possible  in  all  cases  to  associate  definite  dates  with  the  papers; 
this  can  only  be  surmised  from  such  internal  evidence  as  they  afford. 
They  will  be  dealt  with  in  sections,  and,  as  far  as  practicable,  in  what  is 
presmned  to  be  their  chronological  sequence. 


EXPERIMENTS  ON  ARSENIC 

The  parcel  of  impublished  papers  imder  this  title  contains:  (i)  notes 
of  the  details  of  the  experiments  in  question;  (2)  a  rough  draft  of  a  syste- 
matic accoimt  of  them ;  (3)  a  fair  copy  of  this  draft.  It  is  from  the  last- 
named  that  the  accoimt  has  now  been  printed.  Apparently  it  was  written 
out  for  the  information  of  a  friend,  whose  name  is  not  mentioned,  but  who 
seems  to  have  witnessed  some  of  the  experiments.  From  a  date  among 
the  notes  it  would  appear  that  the  work  was  done  in  or  about  1764.  It 
consists  of  a  study  of  the  action  of  alkaUs  and  acids  upon  arsenious  oxide 
(Asfi^ ;  the  preparation  of  properties  of  arsenic  acid  and  of  potassiimi  and 
other  arsenates,  with  "conjectures"  concerning  the  nature  of  arsenic  acid 
and  its  relations  to  arsenious  oxide.  In  the  outset,  it  was  to  a  large  extent 
a  review  of  Macquer's  work,  published  originally  in  the  memoirs  of  the 
French  Academy,  but  contains  many  original  obser\'ations.  It  describes 
accurately  the  preparation  and  behaviour  of  solutions  of  potassiiun 
arsenite,  obtained  by  dissolving  arsenious  oxide  in  a  boiling  solution  of 
potassiiun  carbonate.  Cavendish  found  that  "the  greatest  quantity  of 
arsenic  [arsenious  oxide]  which  a  solution  of  f.  Alkah  can  retain  properly 
dissolved,  is  about  2\  times  of  the  dry  alcaline  salt  contained  in  the  solu- 
tion." The  theoretical  ratio  of  potassium  carbonate  to  arsenious  oxide  is 
2-8.  He  accurately  notes  the  action  of  the  mineral  acids  on  solutions  of 
this  salt. 

He  prepares  what  he  terms  "neutral  arsenical  salt "  (potassium  arsenate) 
by  Macquer's  method  of  heating  a  mixture  of  equal  weights  of  nitre  and 
arsenious  oxide.  If  the  deflagrated  mass  is  dissolved  in  a  proper  quantity 
of  hot  water 

it  readily  shoots  on  cooling  into  crystals,  which  do  not  at  all  grow  moist  in  the 
air,  and  require  about  3  J  times  their  weight  of  water  to  dissolve  them.  A  solution 
of  these  crystals  scarcely  alters  the  colour  of  syrop  of  violets;  if  anything  they 
give  it  a  reddish  cast;  they  turn  toumsol  paper  of  a  brownish  red. 

This  is  the  first  accurate  description  of  acid  potassium  arsenate  (KHjAsOJ. 
Cavendish  points  out  that,  strictly  speaking,  it  is  not  a  neutral  salt,  as 
Macquer  supposed,  since  it  dissolves,  with  effervescence,  the  carbonates  of 
potassium  and  lime.    He  also  correctly  describes  its  behaviour  with 
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the  beam  compass  till 
the  division  comes  with- 
in the  field  of  the  mi- 
croscope, and  then  see 
whether  it  is  bisected 
by  the  wire,  and  conse- 
quently see  whether  the 
microscope  has  altered 
its  place. 

In  the  operation  of 
bisection,  as  above  de- 
scribed, it  may  be  ob- 
served, that  if  the  two 
scratches  are  placed  so 
near  together,  that  in 
making  the  second  the 
point  of  the  compass 
runs  into  the  burr  raised 
by  the  first,  there  seems 
to  be  some  danger  that 
the  point  may  be  a  little 
deflected  from  its  true 
coiu"se;  though  in  Bird's 
account  of  his  method, 
I  do  not  find  that  he 
apprehends  any  incon- 
venience from  it.  One 
way  of  obviating  this 
inconvenience,  if  it  does 
exist,  would  be  to  set 
the  beam  compass  not 
so  exactly  to  the  true 
length,  as  that  one 
scratch  should  nm  into 
the  burr  of  the  other; 
but  as  this  would  make 
it  more  difficult  to  judge 
of  the  true  point  of 
bisection,  perhaps  it 
might  be  better  to  make 
one  scratch  extend  from 
the  circle  towards  the 
center,  and  the  other 
from  it. 
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The  excess  of  the  weight  of  the  cap.  mort.  above  that  of  the  arsen.  i:  *^ 
from,  must  be  owing,  I  suppose,  to  its  retaining  some  of  the  matter  0: 
fort,  used  in  making  it. 

How  near  he  was  to  discovering  what  that  particular  mattrr 
indicated  by  his  next  experiment  in  which  he  roasts  an  intimate  z 
of  arsenious  oxide  and  pH)tassium  carbonate 

in  a  broad  shallow  earthen  pan,  care  being  taken  to  keep  it  frequemi;. 
The  heat  was  as  great  as  the  matter  could  bear  without  caking  togethe: 
of  it  was  taken  out  now  and  then,  and  dissolved  in  water,  and  tried  ^r 
silver;  the  colour  of  the  precipitate  fonned  thereby  changed  gradually:] 
the  matter  was  Calcined,  from  a  pale  yellow  [silver  arsenite],  which  it  ws 
to  a  purplish  red  [silver  arsenate  the  same  as  that  made  by  neut.  ar 
[potassium  arst*nate\ 

The  mass  was  then  dissolved  in  water  and  carefully  neutralised  witi 
chloric  acid. 


•  *  It  uas  then  evap.    Tliere  ist  shot  bome  cr>*stals  resembling  neut.  ars 

,j  *  and  afterwards  some  crystals  of  Sal  Syhii  [^potassium  chloride].    Som 

cr\*stals  resembling  neut.  ar>en.  salt  were  dissolved   in   water:  the 

!  efferv'd  N^ith  whiting  and  f.  alkali:  reddened  the  colour  of  blue  paper 

I  the  same  colourd  pririp.  with  s«»lul.  silvt-r  and  blue  \-itr.  as  the  neu 

^  '  it.  salt;  in  a  word  I  could  jK-rciive  no  dilterence  between  that  and  the  neu 

\  \  salt  made  in  the  comnuni  mannt-r. 

M  I         '  He  then  theori>es  a-^  t«>  the  rationale  of  the  change,  and  a: 

nature  of  the  difference  between  ar>eniuus  oxide  and  arsenic  oxi 
like  a  true  phlogi>tian.  he  i>  oblivious  to  the  significance  of  the 

'  of  weight  he  had  found  lu  occur  when  mmmon  or  white  arsenic  pa: 

'  the  "arsenical  acid."    He  say>: 

I  think  tht^se  exjxriments  shtw  pntty  plainly  that  the  <xilv  d 
betwtren  plain  arsenic  and  the  ar>enical  acid  is  that  the  latter  is  more  thi 
deprived  of  its  I  hlogistt»n  than  ihi-  fnnner.  For  aU  the  ways  I  know  d 
arsenical  acid  or  ntut.  arM-n.  salt  are  >uch  as  may  reasonably  be  sup 
deprive  the  .irs«  n.  of  its  l'hK>t:i>iun  as.  fur  example,  in  making  arsen. 
solution  in  a  ;.  fort,  the  nitrnii-  .n  ul  nitric  acid]  is  known  to  have  a  greai 
tion  to  lay  \\k.\A  uf  rhloi:i>ittn.  and  there  ar^-  strong  reasons  for  thinking 
dissolving  of  metallic  substan««<  in  that  acid  is  a  very  powerful  m 
depriving  them  of  it,  as  1  >h.ill  takr  ni'iict-  of  by  and  by- 
It  is  n^'t  neCL^sary  t^  fi»Iluw  ravtndi>h  into  the  maze  in  which 
enters.  His  revisu'r.ir-<  i>  Lon-i-tent.  and  fri»m  his  point  of  \iew,  ix 
and  thoroui^hly  m.;::u1.  TKl-  pajK.T  i-  full  of  acute  and  « 
observatii-ns.  r.i.ir.y  \\  whi'h  ...  lUain  tht-  sperms  of  future  discov 
for  exair.pk ,  tht  r\  -  liiti*  -n  •  :  ■  :.!■  riiu-  by  the  action  of  strong  hxxh 
acid  L-n  ar>«.nio  acid,  .nul  thr  :■  rin.iti«'n  of  the  brouTi  coloured  co] 
fonned  by  the  action  ^'t  i^rcvn  \  itriol  upon  solutions  of  nitrites  et< 
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^F  Why  Cavendish  reframed  from  publishing  these  resuhs  can  only  be 
Mrmised.  He  must  have  known  that  they  were  largely  original.  Had  he 
Bone  so  at  or  about  the  time  they  were  obtained  he  would  have  anticipated 
Kcheele.who  is  usually  credited  with  the  discovery  of  arsenic  acid,  by  some 
Rine  or  ten  years.  Scheele's  well-known  memoir,  which  appeared  in  1775, 
Contains  a  great  number  of  observations  on  arsenic  acid,  but  his  method 
pf  procuring  it  was  not  so  simple  or  direct  as  that  discovered  by  Cavendish, 
^hich  is  the  one  now  in  use,  and  there  is  not  that  sense  of  quantitative 
jKcuracy  in  Scheele's  work  which  seems  to  pervade  all  Cavendish's 
attempts. 

'  EXPERIMENTS   ON   TARTAR 

1  The  account  of  these  experiments  is  written,  apparently  for  publica- 
tion, on  small  sheets  of  paper  (6|  x  4J  in.).  There  is  no  indication  of  the 
tune  at  which  they  were  performed,  but  they  seem  to  have  been  made  at 
two  different  [leriods  as  the  description  is  divided  into  two  sections 
Sntitled,  respectively,  "old  experiments  on  tartar"  and  "new  experiments 
on  tartar."  Although  practically  unpunctuated,  and  plentifully  inter- 
Ipersed  with  contractions,  the  account  is  easily  legible  and  its  meaning 
is  clear.  Nothing  is  stated  as  to  the  object  of  the  inquiry,  but  it  eventually 
pesolved  itself  into  an  attempt  to  determine  the  amount  of  alkali,  res- 
pectively, in  cream  of  tartar  (potassium  hydrogen  tartrate,  CjHjOjK) 
ind  the  more  readily  soluble  normal  potassium  tartrate  {C^HjO^Kj .  JH^O). 
No  reference  is  made  to  any  prior  workers  on  the  chemical  nature  of 
tartar,  but  Cavendish  was  probably  familiar  with  all  that  had  been  pub- 
lished on  the  subject  up  to  his  time,  although  the  Phil.  Trans.,  even  down 
I  to  the  end  of  the  eighteenth  century,  contains  no  reference  to  tartar  nor 
,  are  any  memoranda  or  notes  from  foreign  literature  to  be  found  among  his 
tpapers.  Wine-lees  or  argol,  the  lartarum,  or  tartarus  (Arabic  tartir),  of  the 
jiatro-chemists  was  originally  considered  to  be  an  acid,  and  its  solution  was 
[termed  aqua  dissohcns.  It  was  known  to  the  Romans  that  it  yielded  an 
ralkah  on  incineration,  but  until  late  in  the  eighteenth  century  it  was  con- 
sidered that  this  substance  was  formed  during  the  burning,  and  was  not  a 
,  real  constituent  of  tartar,  in  spite  of  the  observations  of  Kunkel  in  1677  and 
of  Duhamel  and  Grosse  in  1732.  The  existence  of  the  alkah  may  be  said 
'to  have  been  first  definitely  established  by  Marggraf  in  1764,  but  the 
'precise  nature  of  the  action  of  acids  and  alkalis  upon  tartar  was  not 
clearly  understood,  and  it  was  apparently  this  matter  that  Cavendish 
set  himself  to  elucidate.  It  was  probably  one  of  his  earliest  attempts  at 
chemical  inquiry,  and  may  have  been  begun  shortly  after  the  publication 
of  Marggraf's  work. 

The  "old  experiments  on  tartar"  consisted  of  a  study  of  the  action 
of  nitric  and  sulphuric  acids  on  cream  of  tartar.  In  the  case  of  nitric  acid 
Cavendish  recognised  the  formation  of  nitre,  proving  that  the  alkali  present 
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The  excess  of  the  weight  of  the  cap.  mort.  above  that  of  the  aisen.  it  was  made 
from,  must  be  owing,  I  suppose,  to  its  retaining  some  of  the  matter  of  the  aq. 
fort,  used  in  making  it. 

How  near  he  was  to  discovering  what  that  particular  matter  was,  is 
indicated  by  his  next  experiment  in  which  he  roasts  an  intimate  mixture 
of  arsenious  oxide  and  potassium  carbonate 

in  a  broad  shallow  earthen  pan,  care  being  taken  to  keep  it  frequently  stirrd. 
The  heat  was  as  great  as  the  matter  could  bear  without  caking  together.  Some 
of  it  was  taken  out  now  and  then,  and  dissolved  in  water,  and  tried  with  solut. 
silver;  the  colour  of  the  precipitate  formed  thereby  changed  gradually  the  more 
the  matter  was  Calcined,  from  a  pale  yellow  [silver  arsenite],  which  it  was  at  ist 
to  a  purpUsh  red  [silver  arsenate]  the  same  as  that  made  by  neut.  arsen.  salt 
[potassium  arsenate]. 

The  mass  was  then  dissolved  in  water  and  carefully  neutralised  with  hydro- 
chloric acid. 

It  was  then  evap.  There  ist  shot  some  crystals  resembling  neut.  arsen.  salt, 
and  afterwards  some  crystals  of  Sal  Sylvii  [potassium  chloride].  Some  of  the 
crystals  resembling  neut.  arsen.  salt  were  dissolved  in  water:  the  solution 
efferv'd  with  whiting  and  f.  alkali;  reddened  the  colour  of  blue  papers;  made 
the  same  colourd  precip.  with  solut.  silver  and  blue  vitr.  as  the  neut.  arsen. 
salt;  in  a  word  I  could  perceive  no  difference  between  that  and  the  neut.  arsen. 
salt  made  in  the  common  manner. 

He  then  theorises  as  to  the  rationale  of  the  change,  and  as  to  the 
nature  of  the  difference  between  arsenious  oxide  and  arsenic  oxide,  and, 
like  a  true  phlogistian,  he  is  oblivious  to  the  significance  of  the  increase 
of  weight  he  had  found  to  occur  when  common  or  white  arsenic  passes  into 
the  ' '  arsenical  acid. ' '    He  says : 

I  think  these  experiments  shew  pretty  plainly  that  the  only  difference 
between  plain  arsenic  and  the  arsenical  acid  is  that  the  latter  is  more  thoroughly 
deprived  of  its  Phlogiston  than  the  former.  For  all  the  wa5rs  I  know  of  making 
arsenical  acid  or  neut.  arsen.  salt  are  such  as  may  reasonably  be  supposed  to 
deprive  the  arsen.  of  its  Phlogiston  as,  for  example,  in  making  arsen.  acid  by 
solution  in  aq.  fort,  the  nitrous  acid  [nitric  acid]  is  known  to  have  a  great  disposi- 
tion to  lay  hold  of  Phlogiston,  and  there  are  strong  reasons  for  thinking  that  the 
dissolving  of  metallic  substances  in  that  acid  is  a  very  powerful  method  of 
depriving  them  of  it,  as  I  shall  take  notice  of  by  and  by. 

It  is  not  necessary  to  follow  Cavendish  into  the  maze  in  which  he  now 
enters.  His  reasoning  is  cpnsistent,  and  from  his  point  of  view,  ingenious 
and  thoroughly  sound.  The  paper  is  full  of  acute  and  accurate 
observations,  many  of  which  contain  the  germs  of  future  discoveries  as, 
for  example,  the  evolution  of  chlorine  by  the  action  of  strong  hydrochloric 
acid  on  arsenic  acid,  and  the  formation  of  the  brown  coloured  compoimd 
formed  by  the  action  of  green  vitriol  upon  solutions  of  nitrites  etc. 
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Why  Cavendish  refrained  from  publishing  these  results  can  only  be 
surmised.  He  must  have  known  that  they  were  largely  original.  Had  he 
done  so  at  or  about  the  time  they  were  obtained  he  would  have  anticipated 
Scheele,  who  is  usually  credited  with  the  discovery  of  arsenic  acid,  by  some 
nine  or  ten  years.  Scheele's  well-known  memoir,  which  appeared  in  1775, 
contains  a  great  number  of  observations  on  arsenic  acid,  but  his  method 
of  procuring  it  was  not  so  simple  or  direct  as  that  discovered  by  Cavendish, 
which  is  the  one  now  in  use,  and  there  is  not  that  sense  of  quantitative 
accuracy  in  Scheele's  work  which  seems  to  pervade  all  Cavendish's 
attempts, 

EXPERIMENTS   ON   TARTAR 

The  account  of  these  experiments  is  written,  apparently  for  publica- 
tion, on  small  sheets  of  paper  (6i  x  4J  in.).  There  is  no  indication  of  the 
time  at  which  they  were  performed,  but  they  seem  to  have  been  made  at 
two  different  periods  as  the  description  is  divided  into  two  sections 
entitled,  respectively,  "  old  experiments  on  tartar  "  and  "  new  exf)eriments 
on  tartar."  Although  practically  unpunctuated,  and  plentifully  inter- 
spersed with  contractions,  the  account  is  easily  legible  and  its  meaning 
is  clear.  Nothing  is  stated  as  to  the  object  of  the  inquiry,  but  it  eventually 
resolved  itself  into  an  attempt  to  determine  the  amount  of  alkali,  res- 
pectively, in  cream  of  tartar  (potassium  hydrogen  tartrate,  C4H50gK) 
and  the  more  readily  soluble  normal  potassium  tartrate  (C4H40gKj  .  JHjO). 

No  reference  is  made  to  any  prior  workers  on  the  chemical  nature  of 
tartar,  but  Cavendish  was  probably  famihar  with  all  that  had  been  pub- 
lished on  the  subject  up  to  his  time,  although  the  Phil.  Trans. .even  down 
to  the  end  of  the  eighteenth  century,  contains  no  reference  to  tartar  nor 
are  any  memoranda  or  notes  from  foreign  hterature  to  be  found  among  his 
papers.  Wine-lees  or  argol.  the  tariarum.  or  tartarus  (Arabic  larlir),  of  the 
iatro-chemists  was  originally  considered  to  be  an  acid,  and  its  solution  was 
termed  aqua  dissolvens.  It  was  known  to  the  Romans  that  it  yielded  an 
alkali  on  incineration,  but  until  late  in  the  eighteenth  century  it  was  con- 
sidered that  this  substance  was  formed  during  tlie  burning,  and  was  not  a 
real  constituent  of  tartar,  in  spite  of  the  observations  of  Kunkel  in  1677  and 
of  Duhamel  and  Grosse  in  1732.  The  existence  of  the  alkah  may  be  said 
to  have  been  first  definitely  established  by  Marggraf  in  1764,  but  the 
precise  nature  of  the  action  of  acids  and  alkalis  upon  tartar  was  not 
clearly  understood,  and  it  was  apparently  this  matter  that  Cavendish 
set  himself  to  elucidate.  It  was  probably  one  of  his  earliest  attempts  at 
chemical  inquiry,  and  may  have  been  began  shortly  after  the  pubhcation 
of  Marggraf  s  work. 

The  "old  experiments  on  tartar"  consisted  of  a  study  of  the  action 
of  nitric  and  sulphuric  acids  on  cream  of  tartar.  In  the  case  of  nitric  acid 
Cavendish  recognised  the  formation  of  nitre,  proving  that  the  alkali  present 
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grains  of  cream  of  tartar  which,  as  it  existed  in  solution,  contains  in  addi- 
tion rather  more  alkali  than  is  contained  in  573  grains  of  nitre.  Cavendish 
thus  clearly  recognised  that  the  "soluble  tartar" — the  normal  potassium 
tartrate — contained  considerably  more  alkali  than  cream  of  tartar,  the 
acid  potassium  tartrate.  2370  grains  of  cream  of  tartar  should  furnish 
1 185  grains  of  cream  of  tartar  by  the  action  of  nitric  acid  upon  the  normal 
salt:  Cavendish  found  1050.  This  amount  (1050)  to  be  converted  into  the 
normal  salt  he  found  would  require  as  much  alkali  as  is  contained  in  573 
of  nitre,  that  is  221  grains  (K) — ^making  in  all  1271  grains:  the  quantity 
of  the  normal  tartrate  equivalent  to  1050  grains  of  the  acid  tartrate  is 
1262  grains. 

The  calculations  based  upon  the  amount  of  cream  of  tartar  derivable 
from  the  "tartareous  selenite"  are  vitiated  by  the  fact  that  the  calcium 
tartrate  was  not  homogeneous.  But  the  general  conclusion  drawn  is  that 
the  amount  of  alkali  required  to  completely  saturate  tartaric  acid,  that  is 
to  convert  it  into  the  normal  tartrate,  is  at  least  double  that  contained  in 
cream  of  tartar. 

Cavendish  proved  that  tartaric  acid  contains  no  alkali  as  a  normal 
constituent — a  fact  of  importance  in  relation  to  the  vague  ideas  then 
current  as  to  the  mutual  relations  of  cream  of  tartar  and  tartaric  acid.  In 
fact,  certain  pharmacopoeias  confused  the  two  substances  as  late  as  nearly 
the  end  of  the  eighteenth  century.  He  further  found  that  the  whole  of 
the  tartaric  acid  in  calcium  tartrate  could  be  completely  "dislodged"  by 
oil  of  vitriol. 

He  also  noted  the  "stiff  gluey"  character  of  calcium  tartrate  when 
precipitated  from  alkaline  solutions  and  speaks  of  the  difficulty  in  filtering 
it,  and  of  the  fact  that  its  solutions  become  turbid  on  warming,  and  that 
the  salt  is  soluble  in  "sope  leys"  (potash  solution). 

The  paper  concludes  with  the  details  of  calculations  of  the  amount  of 
alkali  contained  in  cream  of  tartar  or  required  to  completely  saturate  it, 
and  of  the  equivalent  quantity  of  marble  and  pearl  ash.  The  statement 
that  the  acid  of  i  part  of  tartar  is  saturated  by  -525  of  whiting  is  substan- 
tially correct:  the  theoretical  amount  is  '531. 

It  will  thus  be  seen  that  Cavendish's  work  on  tartar  was  remarkably 
accurate,  and  was  a  notable  contribution  to  the  chemical  history  of  the 
subject.  Whether  it  was  done  independently  of  Scheele's  work,  or  withheld 
from  publication  on  the  ground  that  he  had  been  anticipated,  it  is  impos- 
sible to  say. 

But  even  in  the  latter  case  its  publication  would  have  been  of  service 
as  tending  to  clear  up  much  that  was  vague  concerning  the  nature  of  tartar, 
the  production  from  it  of  tartaric  acid,  and  the  properties  of  the  tartrates. 
But  Cavendish  was  never  in  a  hurry  to  publish  his  work:  his  interest  in 
it  was  largely  satisfied  when  he  had  satisfied  the  questioning  of  his  own 
intelligence. 


Solution  of  Metals  in  Acids 


305 


ON  THE  SOLUTION  OF  METALS  IN  ACIDS 

Digression  to  paper  on  InHanuuable  Air, 

[This  "  digression  "  was  intended  to  be  added  to  the  section  on  Iniiam- 
mable  Air  in  Cavendish's  paper  on  Factitious  Air,  published  in  1766.  For 
some  reason  it  was  omitted,  possibly  because,  on  reflection,  he  considered 
as,  he  says,  that  he  had  not  "made  sufficient  experiments  to  speak  quite 
positively  as  to  this  point,"  i.e.  of  the  solution  of  metals  in  acids.  The 
"digression,"  however,  is  interesting  for  several  reasons.  It  serves  to  show 
what  were  Cavendish's  views  concerning  the  nature  of  the  action  of  acids 
upon  metals  in  general,  and  the  reasons  for  the  difference  in  their  mutual 
behaviour.  These  views,  as  far  as  can  be  gathered,  were  consistently  held 
by  him  to  the  last,  at  least  to  the  extent  that  phlogiston  was  concerned  in 
the  phenomena.  It  will  be  noticed  that  the  argiunents,  and  to  a  great 
extent  the  language,  are  identical  with  those  in  the  paper  on  "Arsenic," 
which  seems  additional  evidence  that  Cavendish's  experiments  on  that 
substance  were  made  prior  to  1766  and  that  therefore  he  anticipated 
Scheele  in  the  discovery  of  free  arsenic  acid  by  9  or  10  years.] 

If  it  is  not  digressing  too  much  I  should  be  glad  to  make  some 
observations  concerning  the  solution  of  metals  in  acids.  There  seems  to 
be  only  the  3  above-mentioned  metallic  substances  which  dissolves  easily 
in  spt.  of  salt  or  the  diluted  vitriolic  acid.  I  have  not  indeed  made 
sufficient  experiments  to  speak  quite  positively  as  to  this  pxiint,  but  I 
will  relate  what  I  have  tried  relating  to  copper,  which  is  always  looked 
upon  as  one  of  the  most  soluble  of  the  metalljc  substances.  Some  clean 
copper  wire  seemed  not  at  all  acted  on  by  oil  of  vitriol  diluted  with  an 
equal  weight  of  water  while  cold,  though  it  was  kept  in  the  acid  several 
days;  it  gave  no  signs  of  solution  neither  though  assisted  by  a  heat  almost 
sufficient  to  make  the  acid  boil.  Copper  does  not  discharge  any  air-bubbles 
neither,  when  put  into  strong  spt.  of  salt  while  cold,  though  if  kept  a  great 
while  in  the  acid,  especially  if  exposed  to  the  open  air.  it  does  dissolve 
slowly;  but  with  the  assistance  of  heat  it  makes  a  considerable  effer- 
vescence, and  discharges  vapours  which,  as  will  be  shown  hereafter  are 
not  inflammable :  but  though  it  makes  so  much  effervescence  yet  it  dis- 
solves extremely  slowly.  [Cf.  p,  ir.] 

All  metallic  substances  except  gold  and  platina  unite,  readily  with  the 
assistance  of  heat,  to  the  concentrated  acid  of  vitriol.  The  union  is  per- 
fonned  with  a  great  effervescence  and  discharge  of  vapours  smelling 
strongly  of  the  volatile  sulphureous  acid.  All  metallic  substances  also 
except  gold  and  platina  dissolve  readily  in  the  nitrous  acid  [nitric  acid]. 
They  dissolve  with  great  effervescence  and  discharge  plenty  of  vapours, 
which  appear  plainly  by  the  smell  to  contain  a  great  deal  of  the  acid;  but 
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which  axe  of  a  more  penetrating  smell,  more  volatile,  and  in  general  are  of 
a  deeper  colour  than  the  fumes  of  the  plain  nitrous  [nitric]  acid ;  and  which 
seem  therefore  to  be  composed  of  the  nitrous  acid  united  to  the  phlogiston 
of  the  metal.  It  is  remarkable,  too,  that,  though  in  general  the  nitrous  acid 
has  the  least  afiinity  to  metallic  substances  of  any  of  the  mineral  acids, 
yet  it  dissolves  them  all  the  readiest  of  any  acid. 

The  reason  of  these  phenomena  seems  to  be  as  follows.  It  is  well  known 
that  no  metallic  substance,  the  perfect  ones  excepted,  can  dissolve  in 
acids  without  being  deprived  of  its  phlogiston.  This  seems  to  form  the 
principal  impediment  towards  their  solution  in  acids.  Zinc,  iron  and  tin 
seem  to  have  a  greater  affinity  to  the  vitriolic  and  marine  acids  than  they 
have  to  their  phlogiston;  whence  they  dissolve  without  much  difficulty 
in  either  of  these  acids.  I  do  not  at  all  know  indeed  why  they  show  so 
much  less  disposition  to  unite  to  the  concentrated  vitriolic  acid  than  to  the 
diluted.  But  all  the  other  metallic  substances  seem  to  have  a  greater 
affinity  to  their  phlogiston  than  they  have  to  either  of  the  mineral  acids. 
In  all  probability  the  reason  why  notwithstanding  this  they  unite  so 
readily,  with  the  assistance  of  heat,  to  the  concentrated  vitriolic  acid  is, 
that  this  acid  when  heated  to  a  certain  degree  has  a  great  disposition  to 
unite  to  phlogiston,  the  affinity  of  the  phlogiston  to  the  acid  counteracting 
its  own  afiinity  to  the  metal,  whereby  part  of  the  acid  unites  to  the  metal, 
while  the  remainder  imites  to  the  phlogiston.  The  volatile  sulphureous 
smeU  produced  during  the  solution  is  a  certain  proof  that  the  acid  does 
actually  imite  to  the  phlogiston  of  the  metal,  and  is  a  strong  reason  to 
suppose  that  it  is  in  good  measure  owing  to  the  affinity  of  the  phlogiston 
to  the  acid  that  the  metal  is  enabled  to  unite  to  the  acid.  In  all  probability 
the  reason  why  metals  dissolve  so  easily  in  the  nitrous  acid  is  owing  to 
a  like  cause,  namely,  the  affinity  of  the  phlogiston  of  the  metals  to  the 
nitrous  acid ;  the  fumes  produced  in  dissolving  metals  in  this  acid  seeming 
to  be  no  more  than  the  acid  united  to  the  phlogiston  of  the  metals.  The 
diluted  vitriolic  acid  and  marine  acid  seem  to  have  very  little  disposition 
to  unite  to  phlogiston ;  which  is  most  likely  the  reason  why  metals  dissolve 
so  difficultly  in  those  acids.  The  experiment  which  will  be  mentiond 
hereafter,  concerning  the  solution  of  copper  in  spt.  of  salt,  looks,  however, 
as  if  spt.  of  salt  had  some  small  disposition  to  unite  to  phlogiston.  It 
seems  not  unlikely  that  the  reason  why  the  other  metallic  substances  will 
not  furnish  inflammable  air,  as  well  as  zinc,  iron  and  tin,  is  that  their 
phlogiston  will  not  fly  off  in  close  vessels  without  uniting  to  the  acid 
whereby  it  is  separated,  and  thereby  losing  its  inflammable  quality. 

As  the  precipitates  from  the  solutions  of  mercury  and  the  perfect 
metals  in  acids  are  reducible  without  the  help  of  inflammable  fluxes,  it 
has  usually  been  thought  that  they  are  not  deprived  of  their  phlogiston 
by  solution  in  acids.  But  yet  the  volatile  sulphureous  acid  produced  by 
dissolving  silver  and  mercury  in  oil  of  vitriol  is  a  strong  proof  that  these 
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3  metallic  substances  are  deprived  of  their  phlogiston  by  solution  in 
that  acid  at  least.  I  should  imagine  therefore  that  mercury  and  the 
perfect  metals  were  deprived  of  their  phlogiston  by  solution  in  acids  as 
well  as  the  imperfect  ones;  but  that  by  reason  of  their  great  affinity  to 
phlogiston  they  acquired  it  again  from  the  matter  which  must  be  added 
to  separate  the  acid  (rem  them,  when  assisted  by  the  heat  necessary  to 
reduce  them ;  since  there  seems  no  reason  to  think  that  the  purest  fixed 
alcali,  or  even  Ume,  is  quite  free  from  phlogiston.  The  effervescence  and 
elastic  vapours  produced  during  their  solution  in  aqua  fortis'or  aqua  regia 
(which  are  seemingly  just  of  the  same  nature  as  those  which  attend  the 
solution  of  the  imperfect  metals  in  these  acids)  agree  very  well  with  this 
hypothesis;  whereas  it  is  likely  that  if  they  were  not  deprived  of  their 
phlogiston  thereby  they  would  dissolve  quietly  and  without  efferves- 
cence; for  the  effervescence  can  proceed  only  from  the  separation  of  some 
elastic  fluid  either  from  the  metal  or  the  acid.  If  this  hypothesis  is  true 
it  will  account  very  well  for  gold  not  being  soluble  in  any  simple  acid,  but 
only  in  a  mixture  of  the  nitrous  and  marine  acids.  Gold,  I  imagine,  has 
little  or  no  affinity  to  the  nitrous  acid,  but  only  to  spt.  of  salt;  but  its 
affinity  to  that  acid  alone  is  not  sufficient  to  deprive  it  of  its  phlogiston. 
It  therefore  requires  the  united  efforts  of  the  nitrous  and  marine  acids, 
the  nitrous  to  absorb  the  phlogiston  and  the  marine  to  dissolve  the  metal. 
That  gold  has  little  or  no  affinity  to  the  nitrous  acid  seems  likely  from 
what  Dr.  Lewis  says,  that  gold  when  by  particular  management  made  to 
dissolve  in  the  nitrous  acid  is  precipitated  again  only  by  exposure  to  the 
air,  and  that  upon  committing  a  solution  of  gold  in  aqua  regia  to  distilla- 
tion the  nitrous  acid  flies  off,  leaving  the  gold  united  to  the  spt.  of  salt. 


EXPERIMENTS  ON  FACTITIOUS  AIR 


Containing  experiments  on  the  air  produced  from  vegetable 
and  animal  substances  by  distillation. 

[This  paper  was  evidently  intended  to  form  a  continuation  of  Cavendish's 
first  communication  to  the  Philosophical  Transactions,  entitled  "Three 
papers  containing  Experiments  on  Factitious  Air,"  and  published  in  1766. 
There  is  nothing  to  show  why  it  was  withheld  from  pubUcation.  The 
experiments  were  probably  made  not  later  than  1767.  They  are  interesting 
as  early  attempts  to  gain  an  insight  into  the  nature  of  the  inflammable 
air  obtained  from  wood  and  charcoal,  and  hence  are  of  importance  in 
connection  with  the  Water  Controversy.] 
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I  received  the  air  produced  from  these  substances  in  inverted  bottles 
of  water  nearly  in  the  same  manner  as  in  the  fonner  exf)eriments  read 
to  the  Society,  by  means  of  the  apparatus  represented  in  the  annexed 
drawing:  where  A  represents  a  brass  pot,  in  which  are  placed  the  materials 


for  distillation :  fi  is  a  brass  pipe  fitted  on  to  it  by  a  cement  composed  of 
ochre  and  drying  oil:  C  is  a  bent  glass  tube  fitted  to  the  brass  pipe;  and 
D  is  the  bottle  in  which  the  air  is  to  be  received,  filled  with  water,  and 
inverted  into  the  vessel  of  water  E,  over  the  end  of  the  glass  tube. 

I  used  the  cement  above-mentioned  in  preference  to  that  used  in  the 
former  experiments,  as  it  will  bear  a  greater  heat ;  and  the  reason  why 
I  placed  the  brass  pipe  B  between  the  glass  tube  and  distilling  vessel, 
is  that  I  expected  the  cement  would  bake  so  hard  by  the  heat,  that  I  could 
not  get  a  glass  tube  out  without  breaking  it.  The  joints  were  so  well 
secured  by  this  means  that  extreamely  little  air  seemed  to  escape,  though 
the  brass  pot  was  heated  pretty  strongly  red  hot.  The  pot  was  made  of 
such  a  shape  that  I  could  easily  clean  the  inside  by  scraping  it  with  a  bent 
piece  of  iron. 

Exp.  I.  400  grains  of  raspings  of  Norway  oak,  called  wainscot  by  the 
Carpenters,  were  distilled  in  the  above-mentioned  manner,  till  no  more  air 
would  rise  with  a  heat  just  sufficient  to  make  the  distilling  vessel  obscurely 
red  hot.    The  bottle  in  which  the  air  was  received  was  then  removed,  and 
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another  put  in  its  place,  and  the  distillation  compleated  with  a  pretty 
strong  red  heat.  By  this  means  that  part  of  the  air  which  requires  a  red 
heat  to  disengage  it  was  procured  separate  from  that  which  rises  with 
a  less  heat.  Each  of  these  parcels  of  air  were  then  brought  in  contact 
with  sope  leys  in  the  manner  described  in  my  experiments  on  Rathbone- 
place  water,  in  order  to  see  whether  they  contained  any  fixed  air,  and  to 
free  them  from  it  if  there  was  any.  The  first  parcel  of  air,  namely  that 
which  rose  first  in  distillation,  measured  22100  grains  when  first  made, 
and  was  reduced  by  the  sope  leys  to  12700.  The  2nd  parcel  measured 
34600  grains,  and  was  reduced  by  the  same  means  to  30700  grains. 

The  quantity  of  common  air  containd  in  the  distilling  apparatus, 
allowing  for  the  room  occupied  by  the  wood,  was  about  1700  grains;  all 
of  which  must  have  been  forced  into  the  inverted  bottle  along  with  the 
first  distilled  parcel  of  air.  and  would  not  be  absorbed  by  the  sope  leys. 
1700  is  about  Y^j.  of  12700;  so  that  the  first  distilled  air.  when  reduced 
by  the  sope  leys,  contains  about  -^  of  its  bulk  of  common  air,  or  is  a 
mixture  of  above  13  parts  of  pure  factitious  air  to  2  of  common  air.  The 
last  distilled  parcel  must  have  been  intirely  free  from  common  air. 

All  that  air  which  was  absorbed  by  the  sope  leys  may,  I  think,  be  fairly 
supposed  to  be  fixed  air.  The  remaining  air  of  each  parcel  was  inflam- 
mable, but  required  a  much  greater  quantity  of  common  air  to  make  it 
explode  than  the  inflammable  air  from  metals  does:  for  a  vial  holding 
near  1200  grain  measures  being  fiUed  with  1  part  of  the  first  distilled  air 
with  z\  of  common  air,  the  mixture  caught  fire  on  applying  a  lighted 
candle  to  the  mouth  of  the  vial  and  went  off  with  a  small  puff;  but  when 
the  vial  was  filled  with  i  part  of  the  same  air  to  2  of  common  air  it  would 
not  catch  fire.  In  like  manner  a  mixture  of  i  part  of  the  2nd  distilled  air 
with  3  of  common  air  went  off  with  a  puff;  but  i  part  of  the  same  air 
with  z\  of  common  air  would  not.  So  that  the  first  distilled  air  required 
to  be  mixed  with  not  less  than  between  2  and  2i  times  its  bulk  of  common 
air,  and  the  2nd  distilled  air  with  between  2\  and  3  times  its  bulk  of 
conunon  air.  before  it  would  explode;  whereas  the  air  from  metals,  when 
tried  the  same  way,  would  explode  though  mixed  with  only  \  its  bulk  of 
common  air. 

I  next  tried  which  of  these  parcels  of  air  would  explode  with  most  force 
when  mixed  with  considerably  more  common  air  than  what  was  sufficient 
to  enable  them  to  catch  fire.  For  this  purpose  I  mixed  some  of  each  of 
these  parcels  of  air,  and  also  some  inflammable  air  from  zinc,  with  4  times 
their  bulk  of  common  air,  and  tried  them  in  the  same  bottle.  The  first 
distilled  air  went  off  with  the  least  noise.  As  for  the  2  others  I  was  uncertain 
which  made  most:  but  the  air  from  zinc  went  off  with  a  sharper  sound 
than  the  other,  and  no  light  could  be  seen  in  the  bottle;  whereas  in  the 
trials  of  each  of  the  distilled  airs  a  small  light  was  seen. 

The  experiment  was  then  repeated  with  mixtures  of  each  of  these  airs 
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with  5  times  their  bulk  of  common  air.  The  first  distilled  air  took  fire, 
but  with  scarce  any  noise.  The  2  others  went  off  as  near  as  I  could 
judge  with  the  same  degree  of  noise,  the  distilled  air  with  a  small  light 
visible  in  the  bottle  and  a  duller  sound ;  the  air  from  zinc  without  any  light 
and  a  sharper  sound. 

It  should  seem  therefore  as  if  the  second  distilled  air  contained  about 
as  much  phlogiston  as  the  air  from  zinc,  but  that  the  first  did  not  contain 
so  much;  for  when  the  quantity  of  common  air  is  considerably  more  than 
sufficient  to  consume  the  whole  of  the  inflammable  air,  it  seems  likely  that 
the  loudness  of  the  explosion  should  be  in  proportion  to  the  quantity  of 
phlogiston  containd  in  the  mixture. 

In  all  these  experiments  the  air  was  measured  in  a  cylindrical  glass 
with  divisions  on  its  sides,  in  such  manner  that  I  think  I  could  not  well 
err  more  than  5  grains  or  a  240th  part  of  the  whole  mixture.  The  vial 
in  which  the  explosions  were  made  had  a  glass  tube  about  an  inch  and  a  \ 
long  and  j^  of  an  inch  in  bore  fitted  to  its  mouth,  by  way  of  contracting 
the  orifice. 

I  also  tried  the  specific  gravity  of  each  of  these  parcels  of  distilled 
air  in  my  usual  manner.  1000  grains  of  the  first  distilled  air  being  forced 
into  a  bladder,  which  held  48000  grains  and  had  a  brass  cock  fitted  to  it, 
the  bladder  increased  J  of  a  grain  in  weight  on  pressing  out  the  air.  So  that, 
supposing  common  air  to  be  800  times  lighter  than  water,  this  air,  which 
was  before  said  to  contain  ^  of  its  bulk  of  common  air,  should  be  about 
i^th  part  lighter  than  common  air;  and  the  pure  factitious  air  without 
any  mixture  of  common  air  should  be  j^^th  or  ^^th  part  lighter  than 
common  air,  or  near  6J  times  heavier  than  the  inflammable  air  from 
metals. 

21 100  grain  measures  of  the  last  distilled  air  being  forced  into  the 
same  bladder,  there  was  an  increase  of  12  grains  on  pressing  it  out;  whence 
this  air  appears  to  be  lighter  than  common  air  in  the  proportion  of  11  to  6, 
or  near  4  times  heavier  than  the  air  from  metals. 

The  caput  moriuum  or  matter  remaining  in  the  brass  pot  after  the 
distillation  was  compleated,  consisting  of  the  wood  reduced  to  charcoal, 
weighd  134  grains. 

On  the  whole,  the  400  grains  of  wainscot  yielded  with  a  heat  less  than 
sufficient  to  make  it  red  hot,  9400  gra.  measures  of  fixed  air,  whose  specific 
gravity  was  before  found  to  be  about  i  J  times  greater  than  that  of  common 
air,  and  12700  of  an  inflammable  air,  and  which  was  about  ^^^th  part 
lighter  than  common  air,  and  which  required  to  be  mixed  with  more  than 
2*^  [twice]  its  bulk  of  common  air  to  make  it  explode.  With  a  greater 
heat  than  that,  it  yielded  5800  grains  of  fixed  air,  and  30700  of  an  inflam- 
mable air,  which  required  to  be  mixed  with  above  z\  times  its  bulk  of 
common  air  to  make  it  explode,  and  whose  density  was  ^  of  that  of 
common  air.     The  weight  of  all  this  air  together  is  64  grains  id  est  -^ 
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of  the  wood  it  was  produced  from,  or  near  J  of  the  loss  of  weight  wtiich 
it  suffered  in  distillation.  It  must  however  be  observed  that  there  was 
most  likely  more  fixed  air  discharged  than  is  here  set  down;  as  in  all 
probability  some  of  it  must  have  been  absorbed  by  the  water. 

As  this  inflammable  distilled  air  is  much  heavier  than  that  from  metals, 
and  requires  to  be  mixed  with  a  much  greater  proportion  of  common  air 
to  make  it  explode,  I  at  first  imagined  it  might  consist  of  an  inflammable 
air  exactly  of  the  same  kind  as  that  from  metals,  mixed  with  a  good  dea' 
of  air,  heaWer  than  if,  and  which  had  a  power  of  extinguishing  flame  like 
fixed  air ;  as  I  hinted  before  with  regard  to  the  air  produced  from  meat 
by  putrefaction;  but  on  consideration,  I  fancy  this  air  must  really  be  of 
a  different  kind  from  that  of  metals;  for  if  it  fiad  been  only  a  compound 
of  that  air  with  some  of  a  different  kind,  then  a  mixture  of  that  compound 
with  common  air  must  necessarily  I  think  have  exploded  with  less 
noise  than  a  mixture  of  pure  inflammable  air  with  the  same  proportion  of 
common  air,  as  it  contains  less  inflammable  matter  than  the  latter  mixture, 
and  that  compounded  with  a  substance  which  should  rather  diminish  than 
increase  the  explosion.  Whereas  the  last  distilled  air  was  found  to  make 
as  great  an  explosion  as  the  air  from  metals,  when  both  were  mixed  with 
4  times  their  bulk  of  common  air. 

Exp.  z"*".  In  another  trial  made  in  the  same  manner,  except  that  the 
whole  of  the  distilled  air  was  received  together,  without  changing  the 
bottle,  the  like  quantity  of  wainscot  yielded  19200  grain  measures  of 
fixed  and  42700  of  inflammable  air.  The  inflammable  air  required  to  be 
mixed  with  more  than  2"  its  bulk  of  common  air  to  make  it  explode, 
and  its  density  was  less  than  that  of  common  air  in  the  proportion  of  1-52 
to  I.  The  weight  of  the  whole  of  this  air  is  71  grains,  id  est  near  -^  of  the 
wainscot  it  was  produced  from.  This  experiment  is  exactly  consistent 
with  the  former,  except  that  the  quantity  of  fixed  air  was  greater,  as  might 
be  expected,  since  the  distillation  was  performed  in  much  less  time,  and 
consequently  much  less  fixed  air  could  be  absorbed  by  the  water, 

Exp.  3.  I  made  another  experiment  with  the  same  quantity  of 
wainscot,  the  distilling  pot  being  this  time  placed  in  oil,  that  I  might  see 
what  would  be  the  nature  of  the  air  which  would  rise  with  no  greater 
heat  than  that  of  boiling  oil.  The  oil  caught  fire  which  prevented  me  from 
compleating  the  experiment ;  1  however,  got  1 1500  grain  measures  of  air, 
5400  of  which  were  fixed  air,  the  remaining  6100  were  inflammable,  re- 
quiring somewhat  more  than  2"  their  bulk  of  common  air  to  make  them 
explode.  Their  density  allowing  for  the  common  air  in  the  distilling  vessel 
was  about  j'^  part  greater  than  that  of  common  air. 

Exp.  4.  I  also  examined  the  air  produced  from  tartar  by  distillation, 
though  not  in  so  careful  a  manner  as  the  wainscot.  It  yielded  more  fixed, 
and  less  inflammable  air  than  wainscot;  400  grains  of  it  yielding  46600 
grains  of  fixed  air  and  23500  of  inflammable  air.    The  inflammable  air 
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required  to  be  mixed  with  more  than  4  times  its  bulk  of  common  air  to 
make  it  explode,  and  was  about  ^  part  heavier  than  common  air. 

Exp.  5.  900  grains  of  Hartshorn  shavings  were  distilled  exactly  in  the 
same  manner  as  the  wainscot  in  the  first  experiment,  except  that  the  heat 
was  raised  to  a  rather  greater  degree  before  the  bottle  was  changed.  The 
first  distilled  parcel  of  air  measured  33600  grains,  and  was  reduced  by 
sope  leys  to  20400.  The  conrmion  air  left  in  the  distilling  vessel  was  1630 
grains;  so  that  this  air  when  reduced  by  the  sope  leys  contained  ^  of  its 
bulk  of  common  air.  The  last  distilled  parcel  measured  9400  grains,  and 
was  reduced  by  sope  leys  to  8900. 

Each  of  these  parcels  of  air,  when  thus  reduced,  was  found  to  be  in- 
flammable. The  first  distilled  air,  tried  in  the  same  bottle  as  was  used  for 
similar  experiments  on  the  air  from  wainscot,  caught  fire  on  applying  a 
lighted  candle  when  mixed  with  5  times  its  bulk  of  common  air,  but 
would  not  when  mixed  with  only  4  times  its  bulk.  The  2°**  parcel 
caught  fire  when  mixed  with  2 J  times  its  bulk  of  common  air,  but  would 
not  with  2^  its  bulk.  I  then  compared  the  loudness  of  the  explosion 
made  by  each  of  these  parcels  of  air  and  of  some  air  from  zinc,  when  mixed 
with  6  times  their  bulk  of  common  air.  I  could  perceive  very  little 
difference  between  the  2  parcels  of  distilled  air:  but  both  of  them 
seemed  to  make  rather  more  noise  than  the  air  from  zinc.  The  same 
difference  in  the  manner  of  explosion  between  the  distilled  air  and  air 
from  zinc  might  be  observed  with  these,  as  with  that  from  wainscot; 
namely  that  the  distilled  airs  went  off  with  the  duller  sound,  and 
exhibited  a  Ught  in  the  bottle,  which  was  not  visible  with  the  air 
from  zinc. 

18240  grain  measures  of  the  first  distilled  air  being  forced  into  a 
bladder  holding  about  21600,  there  was  an  increase  of  weight  of  5|  grains 
on  pressing  out  the  air,  so  that  allowing  for  the  common  air  mixed  with 
it  the  pure  factitious  air  is  lighter  than  water  [air]  in  the  proportion  of  137 
to  100. 

8160  grain  measures  of  the  2°^  distilled  air  being  forced  into  a 
bladder  holding  near  14000,  it  increased  4J  grains  on  pressing  out  the  air, 
whence  it  appears  to  be  lighter  than  common  air  in  the  proportion  of  171 
to  100. 

The  caput  mortuum  consisting  of  the  hartshorn  burnt  to  a  coal  weighed 
623  grains.  The  weight  of  all  the  air  discharged  appears  from  what  has 
been  said  to  be  51  grains,  id  est  -^  part  of  the  weight  of  the  hartshorn, 
or  about  ^  of  the  loss  of  weight  which  it  sufferd  in  distillation. 

We  have  examined  therefore  3  substances  of  very  different  natures, 
namely  the  first  a  simple  wood,  the  2"**  a  vegetable  substance 
of  a  saline  nature,  and  the  3*^^  an  animal  substance  of  the  nature  of 
bones.  Each  of  them  agreed  in  furnishing  some  fixed  and  some  inflam- 
mable air;  but  the  proportions  of  these  airs  were  considerably  different. 
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the  nature  of  the  inflammable  air  was  not  quite  the  same  in  each,  but  yet 
hardly  diHering  more  than  that  produced  from  tlie  same  substance  at 
different  periods  of  the  distillation;  so  that  there  should  seem  to  be  a  con- 
siderable resemblance  between  the  air  produced  by  distillation  from  all 
animal  and  vegetable  substances. 

Dr  Hales  in  his  Vegetable  Statics  has  given  the  quantity  of  air  produced 
by  distillation  from  a  great  variety  of  different  substances.  He  observed 
that  the  air  produced  from  some  of  them  was  inflammable,  but  does  not 
mention  whether  he  found  any  which  was  not.  One  of  the  methods  which 
he  used  for  measuring  the  air  did  not  differ  essentially  from  that  used  in 
these  experiments. 

In  the  first  and  2°^  experiments  we  have  an  examination  of  all  the 
air  which  can  be  procured  from  wainscot  by  distillation  in  close  vessels; 
but  this  is  by  no  means  all  the  air  which  it  contains ;  for  the  caput  morluum, 
which,  as  was  before  said,  consists  of  the  wood  burnt  to  charcoal,  seems  to 
contain  a  very  remarkable  quantity  of  fixed  air. 

The  alcaU  produced  by  deflagrating  nitre  with  charcoal  is  well  known 
to  effervesce  with  acids,  and  consequently  to  contain  fixed  air;  which  air 
I  think  can  proceed  only  from  the  charcoal;  for  when  nitre  is  alcalized  by 
metals  in  their  metallic  form,  which  contain  no  fixed  air*  the  alcali  makes 
no  effervescence  with  acids,  as  I  know  by  experience;  and  1  think  it  seems 
very  unlikely  that  the  nitre  should  furnish  fixed  air  when  deflagrated  by 
charcoal,  and  not  produce  any  when  deflagrated  by  metals.  This  induced 
me  to  make  the  following  experiment. 

Exp.  6.  150  grains  of  the  caput  mortuum  remaining  after  the  distilla- 
tion of  wainscot  in  the  first  and  2°''  experiments,  well  dried,  were 
groimd  with  5  times  their  weight  of  nitre  and  about  130  grains  of  water, 
and  when  the  whole  was  thought  to  be  perfectly  mixed,  was  deflagrated 
by  little  and  little  in  an  iron  ladle.  The  intention  of  the  water,  was  to 
make  the  matter  deflagrate  with  less  violence;  whereby  there  was  less 
danger  of  any  fixed  air  being  dissipated  by  the  heat.'  The  deflagrated 
matter  was  put  into  water  to  dissolve  the  alcali.  The  insoluble  matter, 
consisting  partly  of  the  ashes  of  the  caput  mortuum  and  partly  of  some  of 
the  caput  mortuum  which  had  escaped  the  fire,  weighed,  when  well  dried. 
38  grains;  so  that  the  loss  of  weight  which  the  caput  mortuum  sufferd  in 

'  The  late  Dr  Hadley  found  that  the  volatile  alcali  produced  by  distilling  sal 
ammoniac  with  red  lead  made  a  very  considerable  effervescence  with  acids:  whereas 
that  procured  by  distiUing  sal  ammoniac  with  some  metal  in  its  metallic  form  (I 
believe  it  w.\s  copper)  made  none  at  all ;  which  shews  that  though  metals  themselves 
contain  no  fixed  air,  yet  some  metallic  calces  contain  a  great  deal :  and  probably  all 
those  do  which  are  exposed  during  their  calcination  to  the  fumes  of  the  burning  fpwel, 
and  thereby  have  an  opportunity  of  absorbing  fixed  air;  for  those  fumes  contain  a 
great  deal.  It  is  doubtless  owing  to  the  fixed  air  it  attsorbs  that  lead  i 
weight  by  l>eing  converted  into  minium. 
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deflagration  was  112  grains.  In  order  to  find  the  quantity  of  fixed  air  in 
the  alcaline  solution,  \  of  it  was  satiuated  with  the  vitrioUc  acid,  and 
the  loss  of  weight  which  it  suffered  in  effervescence  observed  with  the 
same  precautions  as  were  used  for  finding  the  quantity  of  fixed  air  in 
pearl  ashes  in  the  2°**  part  of  these  experiments  [see  PhU.  Trans.  1766,  also 
p.  91  ^  seq.] :  it  appeared  to  contain  62  grains.  As  the  experiment  makes 
the  quantity  of  fixed  air  produced  from  the  caput  mortuum  appear  to 
be  greater  than  the  loss  of  weight  which  it  sufferd  in  deflagration,  which 
is  impossible,  I  took  another  method  to  find  the  quantity  in  the  remaining 
\  of  the  alcaline  solution;  namely,  I  mixed  it  with  a  suflftcient  quantity 
of  lime  water,  whereby  all  the  fixed  air  therein  was  transferred  into  the 
lime,  which  was  thereby  precipitated.  I  then  foimd  the  quantity  of  fixed 
air  in  this  precipitate;  it  appeard  to  be  59  grains  which  is  only  3  grains 
less  than  it  appeard  to  be  the  other  way.  By  a  mean  of  these  experiments 
the  quantity  of  fixed  air  separated  from  the  150  grains  of  caput  mortuum 
should  be  121  grains  which  is  9  grains  more  than  the  loss  of  weight  which 
it  sufferd  in  deflagration. 

By  a  like  experiment  made  with  some  more  caput  mortuum  of  the  same 
kind  the  quantity  of  fixed  air  seemed  still  greater. 

As  it  is  impossible  that  the  quantity  of  fixed  air  separated  from  the 
caput  mortuum  should  exceed  the  loss  which  it  suffers  in  deflagration, 
I  must  either  be  mistaken  in  supposing  that  all  the  fixed  air  in  the  alcali 
proceeded  from  the  caput  mortuum,  and  not  from  the  nitre,  or  else  some 
moistinre  must  have  flown  off  along  with  the  fixed  air  in  saturating  the 
alcaU  with  the  acid,  which  would  make  the  quantity  of  fixed  air  therein 
appear  greater  than  it  really  is.  This  last  supposition  seems  much  the  most 
probable. 

In  the  10*^  experiment  of  my  2°^  paper  on  Factitious  Air,  in  which 
the  fixed  air  produced  by  dissolving  marble  in  spirit  of  salt  was  made 
to  pass  through  a  glass  cylinder  filled  with  filtering  paper,  very  little 
moisture  was  found  to  be  condensed  in  the  paper ;  from  whence  I  concluded 
that  very  little  moisture  could  fly  off  along  with  the  fixed  air  in  efferves- 
cence, as  thinking  that  the  greatest  part  of  what  did  fly  off  must  have  been 
condensed  in  the  filtering  paper.  But  this  conclusion  was  too  hasty ;  as  it 
seems  not  improbable,  that  a  considerable  quantity  of  moisture  might  fly 
off  along  with  the  fixed  air,  but  which  might  adhere  to  it  too  strongly  to  be 
absorbed  from  it  by  the  filtering  paper.  Perhaps  some  moisture  may  be 
necessary  to  enable  the  fixed  air  to  assume  an  elastic  form. 

If  we  suppose,  as  I  think  seems  much  most  probable,  that  all  the  fixed 
air  in  the  alcali  proceeded  from  the  caput  mortuum,  it  follows  that  this 
substance  contains  a  remarkably  greater  proportion  of  fixed  air  than  any 
other  substance  we  have  examined ;  though  we  cannot  determine  the  exact 
quantity.  I  should  think  it  very  likely  though,  that,  excepting  the  small 
quantity  of  ashes  which  it  leaves  on  burning,  it  consists  almost  intirely 
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of  fixed  air.  It  is  almost  needless  to  say  that,  according  to  this  supposition, 
the  determinations  of  the  quantity  of  fixed  air  in  alcahne  substances,  in 
the  latter  part  of  my  2"^  paper  on  Factitious  Air,  cannot  be  depended  on 
as  to  the  exact  quantity  of  it  in  any  one  substance;  but  I  see  no  reason 
why  this  should  incline  one  to  think  there  is  any  fallacy  in  the  determina- 
tion of  the  proportion  which  the  quantity  of  it  in  one  substance  bears  to 
that  in  another. 

Exp.  7.  I  made  also  an  experiment  of  the  same  kind  with  common 
charcoal.  It  appeared  to  contain  a  great  deal  of  fixed  air,  though  not  so 
much  as  the  capttt  mortuum,  namely  -^-^  of  the  loss  of  weight  which  it 
sufferd  in  deflagration.  This  difference  may  very  likely  be  owing,  partly 
to  the  charcoal  not  being  dried  before  I  weighed  it,  for  charcoal  contains 
a  good  deal  of  moisture  though  kept  in  a  dry  room,  a  circumstance  that 
I  did  not  attend  to  when  I  made  the  experiment,  and  partly  perhaps  to 
its  not  being  well  burnt;  for  I  hardly  imagine  there  can  be  any  difference 
between  the  captU  mortuum  and  charcoal  perfectly  burnt. 

Exp.  8.  The  caput  mortuum  remaining  after  the  distillation  of  Harts- 
horn sha\-ings,  when  deflagrated  with  nitre  is  changed  info  a  white  calx, 
which  in  the  experiments  I  made  seemd  not  at  all  inferior  in  weight  to 
the  matter  unbumt.  So  that  as  it  seems  to  suffer  very  little  loss  of  weight 
in  deflagration  it  cannot  be  expected  to  furnish  much  fixed  air.  However, 
3S2  grains  of  this  matter  well  dried,  being  ground  with  %  of  their  weight 
of  nitre  and  deflagrated,  the  fixed  alcali  produced  thereby  appeard  to 
contain  22  grains  of  fixed  air.  The  ashes  washed  and  dried  weighd  not 
at  all  less  than  the  caput  mortuum  they  were  produced  from ;  so  that  it  did 
not  appear  from  this  experiment  that  the  caput  mortuum  sufTerd  any  loss 
by  deflagration.  This  in  all  probability  must  be  owing  either  to  some  of  the 
fixed  alcali  adhering  to  the  ashes  in  such  manner  that  it  was  not  separated 
from  thence  by  washing,  or  else  to  the  ashes  containing  more  moisture 
than  the  caput  they  were  made  from,  though  they  were  dried  with  a  pretty 
considerable  heat:  for  it  is  certain  that  the  caput  mortuum  must  have  lost 
some  weight  by  deflagration,  though  most  likely  it  was  not  much.  The  ashes 
dissolved  readily  in  spt.  of  salt  and  appeard  to  contain  30  grains  of  fixed  air. 

The  event  was  very  nearly  the  same  in  another  experiment  made  with 
some  more  capui  mortuum  of  the  same  kind. 

[From  the  circumstance  that  Cavendish  refrained  from  communicating 
tfiis  paper  we  may  infer  that  he  was  not  altogether  satisfied  with  the 
results  of  his  experiments,  or  that  he  was  unable  to  explain  them  as  fully 
as  he  might  wish,  and  this  would  seem  to  be  confirmed  by  the  fact  that 
he  returned  to  the  subject  at  several  subsequent  periods,  as  his  laboratory 
notes  show.  The  inflammable  gas,  freed  from  carbon  dioxide,  was  a  vari- 
able mixture  of  carbonic  oxide,  marsh-gas  and  hydrogen,  in  relative 
amounts  depending  upon  the  stage  of  the  distillation,  temperature,  pre- 
sence of  moisture,  etc.    Doubtless  it  was  this  variable  nature,  affecting 
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the  physical  characters  of  the  "inflammable  air,"  its  specific  gravity,  igni- 
tion point,  explosibility  etc.  which,  in  the  absence  of  analytical  means  to 
prove  that  it  was  non-homogeneous,  baffled  Cavendish.  Had  he  been 
able  to  procure  either  carbon  monoxide  or  marsh-gas  in  a  separate  state, 
the  inquiry  would,  in  all  probabihty,  have  been  greatly  facilitated.  How 
near  he  was  to  the  discovery  and  isolation  of  carbonic  oxide  on  several  occa- 
sions is  obvious  from  his  notes.  He  shows  that  after  freeing  the  gas  pre- 
pared from  charcoal  from  carbonic  acid,  it  at  once  killed  a  bird.  **  I  plunged 
a  burning  candle  in  this  air  freed  of  its  fixed  air:  it  inflamed  with  a  sUght 
explosion:  the  flame  was  blue,  in  colour  like  that  of  burning  sulphur." 
Unlike  carbonic  acid  it  was  not  affected  by  tincture  of  Utmus.  "The  in- 
vestigation of  this  shall  be  my  employment  for  another  memoir."  Although 
he  returned  to  the  subject  again  and  again,  he  got  little  beyond  the  stage 
of  clearly  recognising  that  the  inflammable  air  from  metals  and  from 
charcoal  were  not  the  same  things,  in  which  respect  he  was  in  advance  of 
Priestley.  Had  Cavendish  published  Part  IV  of  his  paper  on  "Factitious 
Air"  in  or  about  1767,  it  might  have  expedited  the  more  general 
recognition  of  this  fact,  as,  in  spit^  of  uncertainties,  his  determination  of 
the  physical  characteristics  of  the  inflammable  air  from  wood,  char- 
coal, etc.,  left  Uttle  room  for  doubt  that  it  was  essentially  different  from 
that  from  zinc  and  iron.  The  delay  may  be  said  to  have  occasioned 
Priestley's  error,  and  thus  indirectly  led  to  the  controversy  concerning 
Cavendish's  claim  to  be  the  first  to  establish  and  annoimce  the  fact  of  the 
compoimd  nature  of  water.] 


THE  LABORATORY  NOTES  OF 
'^EXPERIMENTS  ON  AIR" 

[The  laboratory  notes  in  connection  with  the  "Experiments  on  Air" 
have  been  preserved,  and  are  among  the  Chatsworth  papers,  as  a  separate 
parcel,  paged  and  indexed  by  Cavendish.  They  are  written  on  small 
detached  sheets,  6|  x  4J  inches,  about  400  in  nmnber,  and  are  mostly 
in  the  form  of  short  memoranda  and  jottings  of  experimental  data,  inter- 
spersed with  calculations  of  results.  They  rarely  contain  any  deductions : 
any  account  of  these  was  presumably  reserved  for  the  draft  of  the  memoir 
in  case  it  should  be  published.  It  is,  however,  not  difficult  to  follow 
and  interpret  the  greater  portion  of  the  notes  in  the  light  of  the  papers 
in  the  Phil.  Trans.  But  many  observations  are  recorded  which  are  not 
included  in  the  published  memoirs,  possibly  for  the  reason  that  they  were 
not  directly  relevant  to  the  subject-matter,  or  that  Cavendish  was  not 
satisfied  w4th  the  numerical  results.  The  whole  of  the  work,  which  extends 
over  several  years  and  includes  many  hundreds  of  measurements  of  one 
kind  or  another,  is  almost  entirely  quantitative  in  character.    It  seems  to 
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have  been  impossible  for  Cavendish  to  work  otherwise  than  by  weight  and 
measure. 

If  he  has  to  prepare  oxygen  he  invariably  states  the  amount  of  red 
precipitate  or  turbith  mineral  he  uses  and  the  volume  of  the  gas  obtained. 
If  he  has  occasion  to  use  "sope-lees"  he  notes  its  strength  by  the  amount 
of  nitre  the  solution  is  capable  of  yielding  on  neutralisation  with  nitric 
acid.  This  custom  is  frequently  of  service  in  unravelling  the  real  nature 
of  the  phenomena  he  observes,  and  which  he  sets  down  with  remarkable 
fidelity.  In  the  light  of  present  knowledge  we  are  now  able  to  perceive 
many  things  which  were  obscure  to  him,  and  to  see  how  frequently  he 
was  on  the  verge  of  discoveries  which  are  credited  to  later  workers. 

A  few  extracts  from  these  notes  of  hitherto  unpublished  observations 
are  given — as  showing  Cavendish's  manner  of  work  and"  the  patient 
care  and  thoroughness  with  which  he  investigated  all  sides  of  a  subject 
on  which  he  was  engaged.  For  example,  he  has  occasion  to  mix  two 
gases  which  have  no  chemical  action  on  each  other.  He  inquires  if  the 
resultant  volume  is  the  sum  of  the  volumes,  or  if  there  is  "any  penetra- 
tion of  parts."  Do  gases  of  different  densities  mi.\  perfectly  or  does  the 
heavier  one  subside?  In  connection  with  the  working  of  his  "new  eudio- 
meter" he  is  concerned  to  know  whether  there  is  any  difference  in  the  rate 
of  movement  of  nitrogen  and  of  common  air.  He  is  anxious  to  obtain  some 
numerical  estimate  of  the  relative  violence  of  the  detonation  of  explosive 
gaseous  mixtures,  and  contrives  a  kind  of  dynamometer  for  the  purpose. 
The  notes  reveal  with  what  care  he  investigated  the  different  modes  of 
preparing  nitric  oxide  in  order  to  ensure  uniformity  in  its  character  in 
view  of  its  use  in  the  eudiometer,  and  they  show  the  patience  with  which 
he  established  the  conditions  upon  which  depended  the  formation  of  the 
nitric  acid  in  his  synthesis  of  water.  He  was  the  first  to  show  that  a  fairly 
accurate  determination  of  the  amount  of  oxygen  in  air  could  be  made  by 
the  combustion  of  phosphorus.  He  performed  an  approximately  accurate 
analysis  of  carbon  dioxide  and  made  repeated  but  unavailing  attempts  to 
establish  the  composition  of  carbon  monoxide.] 

Is  there  any  penetration  of  parts  on  mixing  gases?  "  It  was  tried  whether 
there  was  any  penetration  of  parts  on  mixing  common  and  inflammable 
air  by  means  of  the  eudiometer.  For  this  purpose  i  measure  common  air 
was  let  up  by  the  cock  into  small  bottle  containing  least  measure  of 
inflamm.  air  [that  is,  the  least  measure  required  to  combine  with  the 
oxygen  in  it].  The  diminution  of  bulk  appeard  to  be  -002,  One  measure 
of  infl.  air  being  let  up  that  way  into  the  small  bott.  with  least  meas. 
comm.  air,  the  diminution  of  bulk  appeard  to  be  '004.  Conseq.  the 
diminution  of  bulk  cannot  exceed  5/55  of  the  whole." 

Do  Che  gases  0/  a  mixture  separate  out  in  the  order  of  their  densities  ^  "  It 
was  also  tried  whether  these  airs  mix  perfectly  or  whether  the  com.  air 
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subsided  to  bottom.  For  this  reason  some  of  these  were  mixed  in  oblong 
spheroidical  bottle  and  placed  over  the  syphon  in  apparatus  so  that 
the  sjrphon  reachd  to  the  top  of  bott.  After  standing  some  hours  the 
air  was  drawn  off  by  pouiing  water  gently  into  the  vessel  so  as  not  to 


shake  the  glass  and  some  of  the  i**  runnings  and  also  some  of  the  last 
caught  in  separate  bottles,  and  the  test  of  these  bottles  tried  by  new 

eudiom.    For  the  i"  exper.  test  of  ,      \  runnings  was  ]  '*^   .    But  the 

quaot.  of  last  runnings  tried  was  only  -783  which  might  make  the 


dimin.  greater  than  it  ought  to  be.    In  the  2""  exper.  the  test  of 


last; 


runnings  was  I     '  s 


'  so  that  the  last  runnings  appear  to  contain  very  little  if 

at  all  more  com.  air  than  the  first." 

A    "Measurer  of  explosions  of  infiam.  air."    "The   strength  of  the 
explosion  was  tried  by  the  machine  rep'  in  fig.   AB  is  the  brass  cyl.  for 


D 

,?.,              ? 

IT 

l"l    , 

B 

the  air  with  a  hole  c  at  bottom.  This  is  fixed  tight  to  a  board  Dd  turning 
on  center  at  C  and  more  or  less  weight  is  laid  on  Dd.  In  using  it  the  cyl. 
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was  first  filled  with  water,  the  water  entering  by  hole  at  bott.  and  the 
air  escaping  by  cock  at  top,  the  app.  for  firing  the  air  by  el[ectricity] 
being  placed  in  recess  so  as  not  to  be  wetted  thereby.  A  proper  quantity 
of  mixt  air  was  then  pourd  in  by  hole  at  bott.  (but  not  near  suffic.  to  fill 
the  whole  cyl.)  and  fired  and  the  height  which  the  cyl.  sprung  up  thereby 
measured  by  an  index.  The  force  with  which  the  cyl.  was  pressed  down 
was  found  by  hanging  it  to  the  end  of  pair  of  scales  while  in  its  place 
by  a  wire  fastend  to  the  middle  of  the  top  of  the  cyl. 

The  hole  was  exactly  J  inc.  in  diam.  the  cyl.  was  about  6  inc.  long 
and  1-8  in  diam.  and  held  4300  gra.  [measures].  The  recess  in  which  the 
app.  for  firing  held  about  12  gra. 

1713  [grain  measures]  of  a  mixt  of  i  part  of  inf.  [hydrogen]  and  2  of 
common  air  being  put  into  this  machine  and  fired,  it  sprung  up  4-23  [inches?] 
when  weight  lying  on  it  was  32400  [grains]  and  3-43  [inches]  when  the 
weight  was  37300. 

As  it  was  suspected  that  the  water  driven  out  from  the  hole  by  the 
explosion  was  resisted  by  the  water  below  and  thereby  was  pressed  against 
the  bott.  of  the  cyl.  and  made  the  force  appear  too  great  the  machine 
was  alterd  in  this  manner. 


i^ 
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AB  is  the  cylinder  passed  through  a  round  hole  in  the  fixed  board  Dd 
so  as  to  rise  and  fall  in  it  freely  and  resting  thereon  by  a  projecting  piece 
of  brass  c  is  a  cylindrical  piece  of  brass  filling  up  the  whole  [hole]  almost 
intirely  and  fixed  upon  the  piece  of  wood  Ee  fastened  to  the  bottom  of 
the  board  Dd.  Ff  is  a  board  turning  on  a  center  at  C  and  resting  on 
the  brass  cyl,  intended  to  carry  weight.  Mixt  air  is  put  into  the  cyl. 
and  fired  as  before  and  the  height  which  it  rises  measured  by  inde,\  as 
before. 

As  the  bottom  of  the  cyl.  almost  touchd  the  wood  Ee  it  was  suspected 
that  the  small  quant,  water  issuing  between  the  plug  and  the  sides  of 
the  hole  might  have  partly  the  same  effect  as  was  apprehended  in  the 
former  machine.   A  small  piece  of  wood  was  in  some  trials  placed  between 
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Ee  and  the  bott.  cyl.  so  as  to  keep  it  raised  about  \  inch  above  it;  but 
the  effect  was  the  contrary  to  what  was  expected  as  it  always  sprung 
up  more  when  this  wood  was  placed  under  than  without  it. 
Some  of  the  obs.  made  with  it  are  given  below: 

Index  Dist.  nearest        Weight  with 

before  !>  Weights  King  end  from  which  cyl. 

firing  after  on  board  end  board  is  pressed 

•o  -o  1  +  2+3  I4'6  97000 

72  77  ...  D° 

•o  -o  1  +  3  +  4  I4'6  84000 

73  82  D° 

•o  -16  I   14-6  68000 

74  1-27  D° 

•o  -38  I   13-6  62000 

75  163  D° 

•o  1-38  I  11-5  50000 

77  267  D* 


\o 


In  the  next  the  bit  of  wood  was  placed  between  Dd  and  the  projecting 
brass 

•93  i"i5  I  14*6  68000 

In  all  the  foregoing  1713  of  air  consisting  of  1  part  inf.  and  2  of 
common  was  used  but  in  the  2  next  2"  [twice]  that  quant,  was  used: 

•o  -03  I  14-6  68000 

•o  -13  I  13-6  62000 

•o  -10         D°  with  1713 

[The  experiments  were  continued  at  intervals  during  the  greater  part 
of  August  to  Sept.  9,  but  apparently  led  to  no  definite  numerical  results, 
although  a  considerable  number  of  "trials"  under  variable  conditions 
were  made.]  "There  seemed  to  be  sbme  minute  interval  of  time  between 
the  electric  spark  and  the  explosion."..."  It  does  not  seem  as  if  there  was 
any  connection  between  the  strength  of  the  spark  and  of  the  explosion." 

Rate  of  efflux  of  gases.  *'  It  was  tried  whether  the  vis  inertia  of  phlogisti- 
cated  air  was  the  same  in  proport.  to  its  weight  as  that  of  common  air 
by  noting  the  time  in  which  a  given  quantity  passed  through  a  given  hole 
when  urged  by  a  given  pressure  by  means  of  the  following  apparatus.  A 
is  a  tin  vessel  8J  inches  in  diam.  and  10  deep  with  a  small  hole  in  the 
diaphragm  a.  This  vessel  is  suspended  over  a  vessel  of  water  by  the  rod  B 
turning  on  a  center  near  the  middle  point  and  partly  ballanced  by  a  weight 
at  the  other  end  and  sufferd  to  descend  as  the  air  runs  through  the  hole. 
The  time  in  which  it  descended  a  given  space  (about  j\  inches)  was  found 
by  observing  the  time  in  which  the  knob  b  moved  from  one  mark  to 
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another.  The  force  with  which  the  vessel  was  pressed  down  was  about 
loj  oz.  the  rest  of  the  weight  of  the  tin  vessel  being  taken  oft  by  the 
counterpoise.    The  way  by  which  it  was  filled  with  air  was  by  holding 


=«= 


[hder  water  till  all  the  air  was  run  out,  then  stopping  pipe  with  thumb, 
raising  up  the  vessel  till  the  bottom  was  near  the  surface  and  pouring  in 
the  air  [i.e.  the  gas  to  be  experimented  upon]. 
The  event  was  as  follows: 
Oct.  28.  1780. 

With  com.  air  was  ..,         ...         ...         2' 15"  running  out 

A  2'"' time  2  12J 

With  air  phlogisticated  by  liver  of  sulph.        2      7 

With  com.  air       2     9  " 

[Common  air  phlogisticated  with  liver  of  sulphur  would  be  practically 
nitrogen:  its  specific  gravity  was  found  to  be  ^  less  than  that  of  common 
air.  Apparently  Cavendish  was  not  satisfied  with  the  performance  of  the 
apparatus,  as  no  experiments  with  other  gases  were  tried.] 

Diminution  of  common  air  by  phosphorus  [Cavendish's  title].  "July  30. 
Supposed  th.[ennometer]  70°  Bar.  30-09.  A  bit  of  dry  phosph.  was  put 
into  inverted  bott.  In  a  day's  time  it  [the  air]  was  a  good  deal  diminished, 
but  a  drop  of  water  having  fallen  on  the  phosph.  prevented  its  acting; 
it  was  therefore  fired  by  burning  glass  which  was  done  with  much  smoke 
but  no  sensible  flame.  The  phosphorus  seemed  intirely  consumed.  The 
original  quantity  of  air  was  3772  and  the  diminution  was  651,  bar.  being 
then  30-02  and  thermometer  71°.    Its  test  was  -336." 

[Neglecting  the  corrections  for  the  slight  change  in  temperatxire  and 
pressure,  this  result  would  give  17-3  as  the  percentage  volume  of  o.xygen 
in  air  instead  of  20-9.  As  all  the  phosphorus  was  consiuned.  its  amount 
was  probably  insufficient  to  combine  with  all  the  oxygen.] 

"Aug.  I.    Some  phosphorus  was  fired  by  burning  glass  in  bott.  with 


I 
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some  common  air  in  it.  The  original  quantity  of  air  was  3951,  and,  after 
the  firing,  was  reduced  to  3595.  On  burning  another  piece  it  was  reduced 
to  3258.  A  Uttle  more  phosph.  was  then  put  in  and  fired.  It  went  out 
immed.  and  produced  not  much  smoke.  Next  day  it  [the  air]  was  found 
to  be  reduced  to  3234.  Allowance  in  all  these  trials  being  made  for 
alteration  of  th.  and  bar.  which  was  not  great." 

[This  method  of  conducting  the  experiment  was  not  likely  to  give 
accurate  results.  The  data  given  point  to  the  air  containing  i8-i  per  cent, 
of  oxygen.  Nothing  is  stated  as  to  how  the  successive  pieces  of  phos- 
phorus were  introduced. 

Phosphorus  was  an  expensive  article  in  1780  and  Cavendish  was 
naturally  very  sparing  of  its  use. 

These  are  the  only  instances  in  the  notes  of  its  employment  in  the 
analysis  of  air.] 

Air  from  plants,    "Oct.  24,  1782.    Sunshine.    Some  pond  weed  from 

Shepherd  well  was  put  in  inverted  jar  and  some  more  in  large  bott. 

Some  chickweed  also  with  some  other  water  plants  were  put  in  a  bott. 

In  the  evening  the  air  was  separated  and  the  test  tried  in  2°^  meth. 

was  as  follows:  t*     j        j-     •  n 

Pond  weed  m  jar       2-356 

D**  in  bott.  2-528  [?] 

Chickweed  2-278 

The  three  parcels  put  together  measured  11650  [grain  measures]  and 
lost  675  by  washing  with  Hme  water.  The  next  morning  cloudy  but  now 
and  then  a  little  ®  [sun].  The  2  last  were  exposed  again  to  ®  with  fresh 
water  and  sufferd  to  remain  all  night  and  next  day. 

Oct.  26.  Sunshine.  Some  more  pond  weed  was  exposed  in  2  large 
jars  and  in  the  evening  the  air  from  them  was  collected  and  mixed  to- 
gether, and  at  the  same  time  that  from  the  old  plants  was  collected  and 
mixed  together  and  all  the  botts  and  jars  filled  with  fresh  water  and 

exposed.  The  test  of  the  air  from  the 

^  new 

not  lose  much  by  washing  with  lime  water. 

Oct.  30.  Some  sunshine.  Oct.  31.  A  good  deal.  In  the  evening  the  air 
was  collected  and  the  bottles  filled  with  fresh  water  and  exposed.  The  test 


plants  was 


^'7^   .  They  did 

(2-547  ^ 


old 


(2-97 


of  the  air  from  the  plants  was  -1    ^'  . 

new)  ^  12-79 

Nov.  4.  The  air  was  taken  from  the  2  bottles:  its  test  was  2-553.  The 
botts  were  then  filled  with  beccaebunga^  [?]  the  jars  remaining  as  before. 

Nov.  8.  After  2  or  3  sunshiny  cold  days  the  air  was  taken.  The 
test  of  that  from  the  jars  with  pond  weed  was  2-670;  that  from  the 
beccaebunga  was  2*690. 

*  Veronica  Beccsebunga. 
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Nov.  ig.  The  plants  hadyielded  a  good  deal  of  air  but  almost  all  that  from 
the  Beccaebun.  was  absorbed  again.   The  test  of  that  from  the 


70 


The  test  in 


method  was 


,  therefore  its  standard  should 


"  pond  weed  f 

12-706  ■ 

All  the  above-mentioned  except  those  got  before  Oct.  31,  were  mixed 
together  and  washed  with  milk  of  lime. 

13-595 
I2710' 

be  |3-f   .*• 
j  3.623 

[This  "  air  "  was  mixed  with  hydrogen  and  exploded.  "21  [grains]  of 
water  was  condensed  which  were  very  slightly  acid  to  the  taste  but  turned 
paper  tinged  with  blue  flowers  evidently  red."  In  a  second  experiment  the 
"air"  was  mixed  with  a  larger  volume  of  hydrogen.  18  grains  of  water 
was  formed.  "  It  did  not  taste  at  all  acid,  nor  turned  blue  paper  at  all  red 
even  when  much  diminished  by  evaporation."] 


Air  from  mines.  "Very  bad  air  sent  Jan.  22, 1783.  6700  [grain  measures] 
of  S  5  [probably  the  number  of  the  bottle  in  which  the  sample  was  col- 
lected] was  dimin.  90  or  .^ij  by  lime  water  [i'34  per  cent,  of  carbonic  acid]'. 
This  air  tested  with  i"  method  was -94.  Standard -86.  Common  air  i-o8. 

[■923  .. 


Jan.  25.   Another  bott.  was  tried  and  came  out  as  follows 


(■923 


[Cavendish  then  compared  the  mine  air  with  that  in  which  a  candle 
would  no  longer  burn.] 


method 

Standard 

Air   in    which    wax ) 

*200000           -907 

■827 

candle   burnt   out  ( 

80000           -883 

■803 

in  receivers  holding  [ 

9500         -668 

■581 

common  air              1 

•  N-B.    '■  The  candle  in  the  least  j 

r  burnt  10  sees.,  in  the  a"*  70  sees. 

largest  either  2  or  3  mins.,  I  am  not  s 

re  which  but  I  believe 

mins." 

Alteration  in  air  by  breathing.  "Feby.  5,  1786.  Some  air  was  breathed 
as  long  as  I  well  could  by  means  of  tin  pipe  from  a  glass  jar  holding  6000O 
gra.  inverted  into  water.  57000  of  this  breathed  air  was  drawn  out 
into  an  exhausted  globe  and  well  washed  with  lime  water  by  which  3880 

'  [This  air.  although  undoubtedly  very  bad,  is  not  as  bad  aa  that  found  occasion- 
ally by  Angus  Smith  in  mines.  The  largest  amount  of  carbonic  acid.  2-5  per  cent.. 
was  found  in  a  Cornish  mine:  the  average  of  339  analyses  was  -785  per  cent,  by 
volume  of  carbonic  acid  (R.  Angus  Smith,  A  ir  and  Rain,  8).j 

[A  candle  will  not  burn  with  less  than  18  per  cent,  of  oxygen  when  there  is  3  per 
cent,  of  carbonic  acid  present  at  the  same  time  (loe.  eit.).] 
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or  ^  of  the  whole  was  absorbed^.     Its  test  after  this  in  2°**  method  was 
•444;  therefore   its   standard  was  -40  and  therefore  the  dephlog.   air 

destroyed  was  —  =  77—  and  therefore  the  fixed  air  is  — ^  =  —  =  -55  of  the 
^  5      8-3  150     300      ^^ 

dephl.  air  destroyed." 


CAVENDISH  ON   CHEMICAL  NOMENCLATURE 

[Among  the  miscellaneous  papers  of  the  Chatsworth  MSS.  is  a  rough 
draft  of  a  letter  in  answer  to  one  from  Blagden,  dated  Sept.  16,  1787. 
Blagden,  who  at  that  period  was  Secretary  of  the  Royal  Society,  and 
intimately  associated  with  Cavendish,  had  written  from  Dover  on  his  way 
to  France.  He  sends  a  short  accoimt  of  General  Roy's  operations  at  Dover 
in  estabUshing  a  trigonometrical  connexion  between  the  observatories 
of  Paris  and  Green>\4ch  in  order  to  determine  the  difference  of  longitude, 
a  work  in  which  the  Royal  Society  was  officially  interested,  and  which 
they  had  initiated  in  1784,  but  which  had  been  delayed  on  accoimt  of  the 
dilatoriness  of  Ramsden  in  supplying  the  instruments.  General  Roy  had 
expressed  a  hope  that  he  might  have  a  \isit  from  Cavendish.  In  the  letter 
Blagden  states  that  he  had  brought  A^ith  him  Sir  Joseph  Banks'  presenta- 
tion copy  from  Lavoisier  of  the  Nomenclature  Chymique,  which  he  com- 
mends to  Cavendish's  attention.] 

As  the  weather  seems  Ukely  to  be  wet,  I  have  given  up  all  thoughts  of 
coming  to  you  at  present,  but  be  so  good  as  to  tell  Gen.  Roy  that  if  the 
weather  groA^'s  fair  I  shall  very  likely  accept  his  offer  and  pay  him  a  visit 
while  he  is  about  his  operations,  especially  if  the  base  is  going  on  at  the  same 
time. 

I  was  mistaken  in  supposing  the  angles  could  be  reduced  in  Dr.  Maske- 
lyne's  manner  without  taking  into  consideration  the  elevation  or  depres- 
sion of  the  objects  above  the  horizon.  My  mistake  arose  from  supposing 
that  if  the  objects  were  reduced  to  the  level  of  the  sea  by  lines  drawn 
parallel  to  the  direction  of  gra\4ty  at  those  places  the  reduced  objects 
would  subtend  the  same  horizontal  angle  at  the  place  of  observation  as 
the  objects  themselves  which  is  true  in  the  sphere  but  not  in  the 
spheroid. 

Mr.  Le  Voisier  has  sent  me  the  Nomenclature.  I  do  not  know  whether 
you  have  seen  the  sequel  of  Saussures  journey.  The  most  remarkable  cir- 
cmnstance  is  the  effect  of  the  rarity  of  the  air  on  them  which  was  such 
even  after  the  fatigue  of  climbing  was  over  that  I  wonder  the  French 

*  [This  would  be  equivalent  to  6*8  per  cent,  of  carbonic  add.  Air  expired  from  tiie 
lungs  contains  from  3-3  to  5-5  per  cent,  by  volume  of  carbonic  add.  On  the  average, 
4*78  vols,  per  cent,  of  oxygen  is  inhaled  and  4*38  vols,  of  carbon  dioxide  is  expired. 
The  " respiratory  quotient"  obtained  by  Cavendish  is  too  small.] 
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astronomers  at  Peru  did  not  observe  it,  unless  you  suppose  that  this  effect 
was  made  remarkably  more  sensible  by  their  preceding  fatigue. 

He  computed  the  height  from  his  observations  of  the  barom.  both 
according  to  De  Luc's  and  Treinbley's  rule;  according  to  one  it  came  out 
a  little  greater  and  by  the  other  a  little  less  than  according  to  Sir  G.  Shuck- 
burgh's  measurement^. 

I  have  been  reading  La  V.'s  preface.  It  has  only  served  the  more  to 
convince  me  of  the  impropriety  of  systematic  names  in  chemistry  and 
the  great  mischief  which  will  follow  from  his  scheme  if  it  should  come  into 
use.  He  says  very  justly  that  the  only  way  to  avoid  false  opinions  is  to 
suppress  as  reasoning  as  much  as  possible  unless  of  the  most  simple  kind 
and  reduce  it  perpetually  to  the  test  of  experiment  and  can  anything  tend 
more  to  rivet  a  theory  in  the  minds  of  learners  than  to  form  all  the  names 
which  they  are  to  use  upon  that  theory. 

But  the  great  inconvenience  is  the  confusion  which  will  arise  from  the 
different  hypotheses  entertained  by  different  people  and  the  different 
notions  which  must  be  expected  [to]  arise  from  the  improvements  con- 
tinually making.  If  the  giving  systematic  names  becomes  the  fashion  it 
must  be  expected  that  other  chemists  who  differ  from  these  in  theory  will 
give  other  names  agreeing  with  their  particular  theories,  so  that  we  shall 
have  as  many  different  sets  of  names  as  there  are  theories  and  in  order 
to  understand  the  meaning  of  the  names  a  person  employs,  it  will  be 
necessary  first  to  inform  yourself  what  theories  he  adopts.  An  equal  in- 
convenience,  too,  will  arise  from  the  necessity  of  altering  the  terms  as  often 
as  new  experiments  point  out  inaccuracies  in  our  notions  or  give  us  further 
knowledge  of  the  composition  of  bodies.  But  to  shew  the  ill  consequences 
of  what  they  are  about,  let  them  only  consider  what  would  be  the  present 
confusion  if  it  had  formerly  been  the  fashion  to  give  systematic  names  and 
that  those  names  had  been  continually  alterd  as  people's  opinions  alterd. 
The  great  inconvenience  is  the  fashion  which  so  much  prevails  among 
philosophers  of  giving  new  names  whenever  they  think  the  old  ones  im- 
proper as  they  call  it.  If  a  name  is  in  use  and  its  meaning  well  ascertained 
no  inconvenience  arises  from  its  conveying  an  improper  idea  of  its  nature 
and  the  attempting  to  alter  it  serves  only  to  make  it  more  difficult  to 
understand  people's  meaning. 

With  regard  to  distinguishing  the  neutral  salts  of  less  common  use  by 
names  expressive  of  the  substances  they  are  composed  of  the  case  is 
different,  for  their  number  is  so  great  that  it  would  be  endless  to  attempt 
to  distinguish  them  otherwise;  but  as  to  those  in  common  use,  or  which 
are  found  naturally  existing,  I  think  it  would  be  better  retaining  the  old 

'  [Observations  made  in  Savoy,  to  Ascertain  the  Height  ot  Mountains  by  means 
of  the  Barometer;  being  an  Examination  of  Mr  De  Luc's  Rules,  delivered  in  his 
Recherches  siir  les  Modifications  de  I'Atmosphere.  By  Sir  George  Shuckburgh, 
Bart,  FR.S.     Phil.  Trans. (ij.  1777,  ^'3  1 
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names.  But  with  regard  to  salts  whose  properties  alter  according  to  the 
manner  of  preparing  them,  such  as  corrosive  sublimate,  calomel,  etc.  I 
should  in  particular  think  it  very  wrong  to  attempt  to  give  them  names 
expressive  of  their  composition. 

As  I  think  this  attempt  a  very  mischievous  one  it  has  provoked  me  to 
go  out  of  my  usual  way  and  give  you  a  long  sermon.  I  do  not  imagine 
indeed  that  their  nomenclature  will  ever  come  into  use,  but  I  am  much 
afraid  it  will  do  mischief  by  setting  people's  minds  afloat  and  increasing 
the  present  rage  of  name-making. 

CAVENDISH'S  PAPERS  ON  HEAT 

[On  leaving  Cambridge  in  1753,  Cavendish,  after  a  short  tour  on  the 
Continent  with  his  brother  Frederick,  appears,  from  a  few  fragmentary 
notes  and  observations  to  be  found  among  his  papers,  to  have  assisted  his 
father,  with  whom  he  resided,  in  the  physical  and  meteorological  inquiries 
which  are  known  to  have  engaged  Lord  Charles  Cavendish's  attention. 
It  was  probably  this  circumstance  which  first  led  the  son  to  engage  in 
experimental  investigation.  As  we  have  seen.  Lord  Charles,  who  seems  to 
have  possessed  what  at  the  time  was  a  pretty  extensive  physical  cabinet, 
was  interested  in  thermometry,  and  occasional  mention  is  made  by  Caven- 
dish of  the  instnmients  which  were  used  by  him  from  time  to  time.  He 
wtis  thus  induced,  almost  at  the  very  outset  of  his  career  as  an  experi- 
menter, to  take  up  the  study  of  heat,  and  to  pursue  the  calorimetric 
inquiries  which  are  to  be  found,  more  or  less  systematically  siunmarised 
and  described,  among  his  unpublished  manuscripts.  The  evidence  con- 
tained in  these  papers  leaves  no  room  for  doubt  that  Cavendish  embarked 
upon  his  investigations  at  about  the  same  period  as  Black,  or  possibly 
somewhat  later,  and  that  he  worked  independently,  and  to  a  large  extent 
in  ignorance  of  Black's  observations  and  theories.  When  they  were  actually 
begun  is  impossible  to  determine,  but  it  is  reasonably  certain,  from  the  few 
dates  scattered  among  the  notes,  that  much  of  the  experimental  work  was 
done  in  or  before  1764.  Black's  earliest  observations  on  heat  were  made 
in  1758,  but  nothing  was  published  concerning  them,  or  his  subsequent 
work,  except  through  his  University  Lectures  at  Glasgow  and  Edinburgh, 
until  much  later;  and  it  is  certain  that  Cavendish  could  have  had  no 
knowledge  of  Black's  work  through  any  printed  source.  How  far  it  was 
known  to  scientific  and  university  circles  in  England  at  about  the  period 
referred  to  is  difficult  to  determine.  Cavendish  maintained  no  active 
connection  with  Cambridge,  and  although  he  was  elected  into  the  Royal 
Society  in  1760  he  published  nothing  until  six  years  later;  his  talents  were 
then  unrecognised,  and  his  shy  retiring  nature,  taciturnity  and  reluctance 
to  enter  into  conversation,  must  have  largely  prevented  him  from  obtaining 
information  orally  even  if  it  were  available  at  the  period. 
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Everything,  therefore,  goes  to  show  that  his  work  on  heat  was  original 
"and  independent,  and  that  he  discovered  for  himself  the  facts  concerning 
latent  and  specific  heat,  thermal  expansion,  melting  points,  heat  of  chemical 
combination,  etc.,  contained  in  his  manuscript  remains.  Some  of  these 
early  observations  were  published  many  years  subsequently,  as  incidental 
and  confirmatory  results,  as,  for  example,  in  the  paper  on  the  freezing  of 
mercury  printed  in  1783,  and  there  are  occasional  allusions  to  them  under 
such  phrases  "as  I  know  by  experience,"  but  with  no  details. 

It  is  probably  useless  to  surmise  why  the  young  experimenter  should 
have  refrained  from  making  known  the  results  of  his  independent  observa- 
tions, at  the  time  he  made  them.  But  Cavendish  was  no  ordinary  man, 
and  ordinary  conventions  and  rules  of  conduct  are  inapplicable  to  him, 
"In  tnith,"asWilsonpointsout,"  with  Cavendish,  publication  was  the  exception, 
not  the  rule,  and  he  has  left  so  many  completed  researches  unpublished,  that  no 
special  hypothesis  is  needed  to  account  for  those  upon  heat  having  remained  in 
manuscript."  "  Perhaps,"  he  adds,  "  a  reluctance  to  enter  into  even  the  appear- 
ance of  rivalry  with  Black,  prevented  him  from  publishing  researches  which 
might  be  thought  to  trespass  upon  ground  which  the  latter  had  marked  off  for 
himself,  and  pre-occupied." 

Be  this  as  it  may,  there  can  be  no  question  that  had  Cavendish  pub- 
hshed  his  observations  at,  or  near,  the  time  he  made  them  he  would  have 
anticipated  much  of  the  credit  which  belongs  to  Irvine,  Crawford  and 
especially  Wilcke.] 

EXPERIMENTS   ON   HEAT 

It  seems  reasonable  to  suppose  that  on  mixing  hot  and  cold  water 
the  quantity  of  heat  in  the  liquors  taken  together  should  be  the  same 
after  the  mixing  as  before ;  or  that  the  hot  water  should  communicate  as 
much  heat  to  the  cold  water  as  it  lost  itself;  so  that  if  the  expansion  of  the 
mercury  in  the  thermometer  is  proportional  to  the  increase  of  heat  the 
difference  of  the  heat  of  the  mixture  and  of  the  cold  water  as  measured  by 
the  thermometer  multiplied  by  the  weight  of  the  cold  water  should  be 
equal  to  the  difference  of  heats  of  the  hot  water  and  mixture  multiplied 
by  the  weight  of  the  hot  water,  or  the  excess  of  the  heat  of  the  mixture 
above  that  of  the  cold  water  should  be  to  the  difference  of  heats  of 
the  hot  and  cold  water  as  the  weight  of  the  hot  water  [is]  to  that  of  the 
mixture. 

The  following  experiments  were  made  with  an  intent  to  see  whether 
the  excess  of  the  heats  of  the  hot  water  and  the  mixture  above  the  cold 
water  really  bore  that  proportion  to  each  other  or  not. 

The  apparatus  used  in  these  experiments  is  such  as  is  represented  in 
the  annexed  figure. 

ABCD  is  a  tin  cylindrical  vessel  about  10  inches  in  diameter  and  as 
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much  in  depth  holding  about  400  oz.  of  water  unth  a  cover  of  tl 
metal  fitted  to  it. 

M  is  a  slip  of  tin  plate  about  il  inch  broad,  fastend  to  a  be: 
of  wire,  passed  through  a  small  hole  in  the  cover,  serving  to  stirr  tl 
in  the  pan. 

EFGH  is  a  cylindrical  tin  fun- 
nel,  the  pipe  of  which  .VP  is  about 
I  inch  in  diameter  and  enters  into 
the  |>an  A  BCD  through  a  hole 
made  in  the  cover.  This  funnel  also 
is  furnished  with  a  cover  and  a 
stirrer  of  the  same  kind  as  that  to 
the  pan.  Each  cover  also  has  a  hole 
in  it  to  put  a  thermometer  in. 

GHRS  is  a  round  piece  of  wood  , 
placed  under  the  bottom  of  the 
funnel  and  kept  by  short  legs  at 
abi^ut  an  inch  distance  from  the 
cover  of  the  jxin  in  order  to  prevent 
the  water  in  the  pan  from  bein< 
heated  bv  the  hot  water  in  the 
funnel. 

The  pijx*  of  the  funnel  is  >topi 
up  Hith  a  cork,  which  by  means  "t 
a  puve  of  wire  fastend  to  it.  arid      i 
j\iss*\i  throUi:h  a  hole  in  the  covtr 

of  the  funnel  can  S*  pulU-xi  0:1:  \\:rh"Ut  takin;:  oft  the  cover.  In  o 
e\:xTinie::t.  the  ccid  watt-r  was  put  m  the  pan  and  the  ^-eieht  : 
after  its  heat  was  asct-rtair.d.  \\:;::h.  as  it  differed  but  little  1 
ter.:ixT  v>f  the  air  alttrd  verv*  s!-^wlv.  Thr  thermometer  iras  v 
ar.vi  tht^  hir^nel  with  :h«  r::>  «:<  rkcd  uj^  \%us  put  in  its  place.  ^ 
wat^r  \*%is  thxr.  put  intv^ ;:  the  :.  \e:  put  on.  and  the  themiomett 
WTjtn  :h<  heat  0!  the  wav.r  .-r.d  ::s  rate  cf  :»:oIinc  was  suSecieni 

s  di 

sxh 

:7:  iTjz  z'tmzt'.  ru:tr  r:::  :r.:.  the  :\i-  ir.i  th<-  heat  of  the  nuxtts 
a::zT  vkh::h  *rv  uf.c'r-:r.<:  :>;  -i-.xT'.ir:  :h-:  quantity  of  hot  wan 
^'is  Kr.wT.  r^v  :r.:s  ■::.::.  v.  ::  vr»:-:\::r.^  t-'t-e  not  water  w:as  pax 
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Experiment  1,    At  5""  55'  the  cold  water  in  the  pan  was  found  to  be 
t  481°  of  heat  and  was  found  to  increase  about  1°  in  50  minutes. 


30 


■  the  hot  water  in  funnel  was  at   ig?"' 

„  „  „        196 

195 

the  mixture  was  at  99 

98i 


The  cork  was  pulled  out  of  the  pipe  of  the  funnel  at  &'"■  i^'^  zs*™- 
■and  the  hot  water  took  up  near  30*^  to  run  intirely  out  of  the  funnel 
but  run  aJniost  out  in  15  or  20**^.  The  weight  of  the  cold  water  was 
349^1i  oz. ;  that  of  the  mixture  383^^  whence  the  weight  of  the  hot  water 
was  134  oz. 

But  before  we  proceed  to  make  this  experiment  with  the  rule  it  was 
intended  to  examine,  it  is  necessary  to  make  some  corrections.  First,  as 
■neither  the  heat  of  the  hot  or  cold  water  or  mixture  were  found  at  the 
■precise  time  of  making  the  mixture,  there  must  be  some  corrections  made 
to  the  heats  shewn  by  the  thermometer.  Let  us  assume,  therefore,  b*"- 
.I3'°-  40*"',  or  IS*"-  after  the  cork  was  pulled  out,  as  the  time  of 
making  the  mixture,  and  find  what  would  be  their  heats  at  that  time 
according  to  their  observed  rates  of  heating  and  cooling.  The  hot  water 
coold  2°  in  about  i"  is*"'  or  y^  of  a  degree  in  15"*-;  so  that  its 
heat  at  6^-  I3'°-  40**-  would  be  ig4°-6.  According  to  the  same  method 
of  proceeding,  the  heat  of  the  cold  water  at  the  same  time  would  be  49°, 
and  that  of  the  mixture  99^^;  so  that  194^°,  49°  and  99-^"  may  be 
looked  upon  as  the  true  heats  of  the  hot  water,  cold  water,  and  mixture. 
Secondly,  it  must  be  observed  that  part  of  the  effect  of  the  hot  water  was 
spent  in  heating  the  pan.  and  therefore  an  allowance  must  be  made  on  that 
account.  The  weight  of  the  pan  was  31-25  oz. ;  that  part  of  the  stirrer 
which  was  within  the  pan  was  2*3  oz.,  and  the  cover  weighed  9^^  oz.  As 
the  inside  surface  of  the  pan  would  be  heated  much  faster  by  the  water 
than  the  outside  surface  would  be  coold  by  the  air,  I  believe  we  may 
suppose  the  tin  pan  would  be  heated  almost  as  hot  as  the  mixture  within 
it,  but  that  the  cover  being  in  contact  with  the  air  on  both  sides  would 
be  heated  only  to  a  mean  heat  between  the  cold  water  and  mixture.  There- 
fore 33-55  oz.  of  tin  plate  were  heated  to  the  heat  of  the  mixture,  and  9-6  oz. 
were  heated  \  as  much,  which  comes  to  the  same  thing  as  if  38-35  oz.  were 
heated  to  the  full  heat  of  the  mixture,  WTience  we  may  conclude  from  the 
experiment  that  the  heat  of  a  mixture  of  134  oz.  of  water  whose  heat  is 
i94°-6  with  249-8  oz.  of  water  whose  heat  is  49°,  and  38-35  oz.  of  tin  plate 
of  the  same  degree  of  heat,  will  be  99°-2.  But  it  will  appear  from  an  experi- 
ment, which  will  be  mentiond  hereafter,  that  cold  iron  filings  added  to 

hot  water,  cool  it  no  more  than  the  addition  of  ^-j  that  quantity  of  water 

H 
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or  ^  of  the  whole  was  absorbed'.     Its  test  after  this  in  2"*  meO 
■444;  therefore  its  standard  was  -40  and  therefore    the  deph 

=  H-  and  therefore  the  fixed  air  is  — =-  =  —  =  -5 
5-3  150      300 

dephl.  air  destroyed." 


CAVENDISH  ON  CHEMICAL  NOMENCLAl 

[Among  the  niiscellaneous  pa(>crs  of  the  Chatsworth  MSS.  is 
draft  of  a  letter  in  answer  to  one  fr(»ni  Blagden,  dated  Sept.  i 
Blagden,  who  at  that  period  was  Secretary  of  the  Royal  Socif 
intimately  associated  with  Cavendish,  had  written  front  Dover  on 
to  France.  He  sends  a  short  account  of  General  Roy's  operations  < 
in  establishing  a  trigonometrical  connexion  between  the  obsei 
of  Paris  and  Greenwich  in  order  to  determine  the  difference  of  lo 
a  work  in  which  the  Royal  Society  was  officially  interested,  an 
they  had  initiated  in  1784,  but  which  had  been  delayed  on  accoui 
dilatoriness  of  Ramsden  in  supplying  the  instruments.  General  1 
expressed  a  hope  that  he  might  have  a  visit  from  Cavendish,  In  I 
Blagden  states  that  he  had  brought  with  him  Sir  Joseph  Banks'  f 
tion  copy  from  Lavoisier  of  the  Nomenclature  Chytnique,  which 
mends  to  Cavendish's  attention.] 

As  the  weather  seems  likely  to  be  wet,  I  have  given  up  all  th< 
coming  to  you  at  present,  but  be  so  good  as  to  tell  Gen.  Roy  th 
weather  grows  fair  1  shall  very  likely  accept  his  offer  and  pay  hii 
while  he  is  about  his  operations,  especially  if  the  base  is  going  on  at  1 
time. 

I  was  mistaken  in  supposing  the  angles  could  be  reduced  in  Dr 
lyne's  manner  without  taking  into  consideration  the  elevation  or 
sion  of  the  objects  above  the  horizon.  My  mistake  arose  from  si 
that  if  the  objects  were  reduced  to  the  level  of  the  sea  by  line 
parallel  to  the  direction  of  gravity  at  those  places  the  reduced 
would  subtend  the  same  horizontal  angle  at  the  place  of  observe 
the  objects  themselves  which  is  true  in  the  sphere  but  not 
spheroid. 

Mr.  Le  Voisier  has  sent  me  the  Nomenclature.  I  do  not  know 
you  have  seen  the  sequel  of  Saussures  journey.  The  most  remark 
cumstance  is  the  effect  of  the  rarity  of  the  air  on  them  which  v 
even  after  the  fatigue  of  climbing  was  over  that  I  wonder  the 

'  p'his  would  be  equivalent  to  68  per  cent,  of  carbonic  add.  Air  azpiivd 
lungs  contains  from  3-3  to  5-5  per  cent,  by  volume  of  carbonic  acid.  On  Uie 
4-78  vols,  per  cent,  of  oxygen  is  inhaled  and  4-38  vols,  of  carbon,  dioxide  is 
The  "respiratory  quotient"  obtained  by  Cavendish  is  too  mwlL] 
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tstronomers  at  Peru  did  not  observe  it,  unless  you  suppose  that  this  effect 
_  was  made  remarkably  more  sensible  by  their  preceding  fatigue. 
^*'  He  computed  the  height  from  his  observations  of  the  barom.  both 
Bibccording  to  De  Luc's  and  Trembley's  rule;  according  to  one  it  came  out 
Bm  little  greater  and  by  the  other  a  little  less  than  according  to  Sir  G.  Shuck- 
burgh's  measurements 

I  have  been  reading  l.a  V.'s  preface.  It  has  only  served  the  more  to 
E.V  convince  me  of  the  impropriety  of  systematic  names  in  chemistry  and 
,  the  great  mischief  which  will  follow  from  his  scheme  if  it  should  come  into 
"'■  use.  He  says  very  justly  that  the  only  way  to  avoid  false  opinions  is  to 
^■'  suppress  as  reasoning  as  mucli  as  possible  unless  of  the  most  simple  kind 
^  and  reduce  it  perpetually  to  the  test  of  experiment  and  can  anything  tend 
'"  more  to  rivet  a  theory  in  the  minds  of  learners  than  to  form  all  the  names 
^  which  they  are  to  use  upon  that  theory. 

■t  But  the  great  inconvenience  is  the  confusion  which  will  arise  from  the 

»=    different  hypotheses  entertained  by  dilTerent  [>eople  and  the  different 
a    notions  which  must  be  expected  [to]  arise  from  the  improvements  con- 
;    tinually  making.    If  the  giving  systematic  names  become,s  the  fashion  it 
!r     must  be  expected  that  other  chemists  who  differ  from  these  in  theory  will 
give  other  names  agreeing  with  their  particular  theories,  so  that  we  shall 
I      have  as  many  different  sets  of  names  as  there  are  theories  and  in  order 
!     to  understand  the  meaning  of  the  names  a  person  employs,  it  will  be 
necessary  first  to  inform  yourself  what  theories  he  adopts.   An  equal  iii- 
convenience,  too,  will  arise  from  the  necessity  of  altering  the  terms  as  often 
as  new  experiments  point  out  inaccuracies  in  our  notions  or  give  us  further 
knowledge  of  the  composition  of  bodies.   But  to  shew  the  ill  consequences 
of  what  they  are  about,  let  them  only  consider  what  would  be  the  present 
confusion  if  it  had  foiTnerly  been  the  fashion  to  give  systematic  names  and 
that  those  names  had  been  continually  alterd  as  people's  opinions  alterd. 
The  great  inconvenience  is  the  fashion  which  so  much  prevails  among 
philosophers  of  giving  new  names  whenever  they  think  the  old  ones  im- 
proper as  they  call  it.   If  a  name  is  in  use  and  its  meaning  well  ascertained 
no  inconvenience  arises  from  its  conveying  an  improper  idea  of  its  nature 
and  the  attempting  to  alter  it  serves  only  to  make  if  more  difficult  to 
understand  people's  meaning. 

With  regard  to  distinguishing  the  neutral  salts  of  less  common  use  by 
names  expressive  of  the  substances  they  are  composed  of  the  case  is 
different,  for  their  number  is  so  great  that  it  would  be  endless  to  attempt 
to  distinguish  them  other\vise;  but  as  to  those  in  common  use,  or  which 
are  found  naturally  existing,  1  think  it  would  be  better  retaining  the  old 

'  [Obser\-ations  made  in  Savoy,  to  Ascertain  the  Height  of  Mountains  by  means 
of  the  Barometer;  being  an  Examination  of  Mr  De  Lhc's  Ruies.  dehvercd  in  his 
Recherches  sur  !es  Modifications  de  I'Atmosphere.  By  Sir  George  Sbuckburgh, 
Bart..  F.R.S.    Phil.  Trans.  67,  1777.  sij] 


I 

1  '•    •■ 

I 


326  Unpublished  Papers 

names.  But  with  regard  to  salts  whose  properties  alter  accordi 
manner  of  preparing  them,  such  as  corrosive  sublimate,  calon 
should  in  particular  think  it  very  ^^Tong  to  attempt  to  give  th( 
expressive  of  their  comix)sition. 

As  I  think  this  attempt  a  ver>'  mischievous  one  it  has  provol 
go  out  of  my  usual  way  and  give  you  a  long  sermon.    I  do  nc 
indeed  that  their  nomenclature  will  ever  come  into  use,  but  I 
afraid  it  will  do  mischief  by  setting  people's  minds  afloat  and 
the  present  rage  of  name-making. 

CAVENDISH'S  PAPERS   ON    HEAT 

[On  leaving  Cambridge  in  1753,  Cavendish,  after  a  short  tc 

Continent  >^'ith  his  brother  Frederick,  appears,  from  a  few  fra 

I  i  notes  and  observations  to  be  found  among  his  papers,  to  have  a 

•         ■  ;  father,  wth  whom  he  resided,  in  the  physical  and  meteorologica 

:'  ;       I  :  which  are  known  to  have  engaged  Lord  Charles  Cavendish's 

It  was  probably  this  circumstance  which  first  led  the  son  to 

experimental  investigation.  As  we  have  seen,  Lord  Charles.  wh< 

I  j;  have  possessed  what  at  the  time  was  a  pretty  extensive  physic^ 

■  was  interested  in  thermometry,  and  occasional  mention  is  made 

r  dish  of  the  instruments  which  were  used  by  him  from  time  to 

•■  wtis  thus  induced,  almost  at  the  very  outset  of  his  career  as  2 

I         \  menter,  to  take  up  the  study  of  heat,  and  to  pursue  the  ca 

! »       I  inquiries  which  are  to  be  found,  more  or  less  systematically  su 

and  described,  among  his  unpublished  manuscripts.    The  evid 
I '       j  tained  in  these  papers  leaves  no  room  for  doubt  that  Cavendish 

I  '  upon  his  investigations  at  about  the  same  period  as  Black,  oi 

somewhat  later,  and  that  he  worked  independently,  and  to  a  lai 
in  ignorance  of  Black's  obser\'ations  and  theories.  When  they  wer 
begun  is  impossible  to  determine,  but  it  is  reasonably  certain,  fro 
dates  scattered  among  the  notes,  that  much  of  the  experimental 
done  in  or  before  1764.  Black's  earliest  observations  on  heat  v 
in  1758,  but  nothing  was  published  concerning  them,  or  his  si 
work,  except  through  his  University  Lectures  at  Glasgow  and  E 
until  much  later;  and  it  is  certain  that  Cavendish  could  hav 
knowledge  of  Black's  work  through  any  printed  source.  How  1 
knowTi  to  scientific  and  university  circles  in  England  at  about  t 
referred  to  is  difficult  to  determine.  Cavendish  maintained  : 
connection  with  Cambridge,  and  although  he  was  elected  into  1 
Society  in  ijfx)  he  published  nothing  until  six  years  later;  his  taj 
then  unrecognised,  and  his  shy  retiring  nature,  taciturnity  and  x 
to  enter  into  conversation,  must  have  largely  prevented  him  from 
information  orally  even  if  it  were  available  at  the  period. 
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Everything,  therefore,  goes  to  show  that  his  work  on  heat  was  original 
and  independent,  and  that  he  discovered  for  himself  the  facts  concerning 
latent  and  specific  heat,  thermal  expansion,  melting  points,  heat  of  chemical 
combination,  etc.,  contained  in  his  manuscript  remains.  Some  of  these 
early  observations  were  published  many  years  subsequently,  as  incidental 
and  confirmatory  results,  as,  for  example,  in  the  paper  on  the  freezing  of 
mercury  printed  in  1783,  and  there  are  occasional  allusions  to  them  under 
such  phrases  "as  I  know  by  experience,"  but  with  no  details. 

It  is  probably  useless  to  surmise  why  the  young  experimenter  should 
have  refrained  from  making  known  the  results  of  his  independent  observa- 
tions, at  the  time  he  made  them.  But  Cavendish  was  no  ordinary  man, 
and  ordinary  conventions  and  rules  of  conduct  are  inapplicable  to  him. 
"In  truth, "as  Wilson  points  out,  "with  Cavendish,  publication  was  theexception, 
not  the  rule,  and  he  has  left  so  many  completed  researches  unpublished,  that  no 
special  hypx) thesis  is  needed  to  account  for  those  upon  heat  having  remained  in 
manuscript."  "  Perhaps,"  he  adds,  "  a  reluctance  to  enter  into  even  the  appear- 
ance of  rivalry  with  Black,  prevented  him  from  publishing  researches  which 
might  be  thought  to  trespass  upon  ground  which  the  latter  had  marked  off  for 
himself,  and  pre-occupied. " 

Be  this  as  it  may,  there  can  be  no  question  that  had  Cavendish  pub- 
lished his  observations  at,  or  near,  the  time  he  made  them  he  would  have 
anticipated  much  of  the  credit  which  belongs  to  Irvine,  Crawford  and 
especially  Wilcke.] 
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EXPERIMENTS   ON   HEAT 

It  seems  reasonable  to  suppose  that  on  mixing  hot  and  cold  water 
the  quantity  of  heat  in  the  liquors  taken  together  should  be  the  same 
after  the  mixing  as  before;  or  that  the  hot  water  should  communicate  as 
much  heat  to  the  cold  water  as  it  lost  itself ;  so  that  if  the  expansion  of  the 
mercury  in  the  thermometer  is  proportional  to  the  increase  of  heat  the 
difference  of  the  heat  of  the  mixture  and  of  the  cold  water  as  measured  by 
the  thermometer  multiplied  by  the  weight  of  the  cold  water  should  be 
equal  to  the  difference  of  heats  of  the  hot  water  and  mixture  multiplied 
by  the  weight  of  the  hot  water,  or  the  excess  of  the  heat  of  the  mixture 
above  that  of  the  cold  water  should  be  to  the  difference  of  heats  of 
the  hot  and  cold  water  as  the  weight  of  the  hot  water  [is]  to  that  of  the 
mixture. 

The  following  experiments  were  made  with  an  intent  to  see  whether 
the  excess  of  the  heats  of  the  hot  water  and  the  mixture  above  the  cold 
water  really  bore  that  proportion  to  each  other  or  not. 

The  apparatus  used  in  these  experiments  is  such  as  is  represented  in 
the  annexed  figure. 

A  BCD  is  a  tin  cylindrical  vessel  about  10  inches  in  diameter  and  as 
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much  in  depth  holduig  about  400  oz.  of  water  with  a  cover  of  the  same 
metal  fitted  to  it. 

Af  is  a  slip  of  tin  plate  about  i^  inch  broad,  fastend  to  a  bent  piece 
of  wire,  passed  through  a  small  hole  in  the  cover,  serving  to  stirr  the  water 
in  the  pan. 

EFGH  is  a  cylindrical  tin  fim-  g  F 

nel,  the  pipe  of  which  NP  is  about 
\  inch  in  diameter  and  enters  into 
the  pan  A  BCD  through  a  hole 
made  in  the  cover.  This  f imnel  also 
is  furnished  with  a  cover  and  a 
stirrer  of  the  same  kind  as  that  to 
the  pan.  Each  cover  also  has  a  hole 
in  it  to  put  a  thermometer  in. 

GHRS  is  a  round  piece  of  wood 
placed  imder  the  bottom  of  the 
funnel  and  kept  by  short  legs  at 
about  an  inch  distance  from  the 
cover  of  the  pan  in  order  to  prevent 
the  water  in  the  pan  from  being 
heated  by  the  hot  water  in  the 
fimnel. 

The  pipe  of  the  funnel  is  stopt 
up  with  a  cork,  which  by  means  of 
a  piece  of  wire  fastend  to  it,  and 
passed  through  a  hole  in  the  cover 

of  the  fimnel,  can  be  pulled  out  without  taking  off  the  cover.  In  trying  the 
experiment,  the  cold  water  was  put  in  the  pan  and  the  weight  set  down 
after  its  heat  was  ascertaind,  which,  as  it  differed  but  little  from  the 
temper  of  the  air  alterd  very  slowly.  The  thermometer  was  taken  out 
and  the  funnel  with  the  pipe  corked  up  was  put  in  its  place,  some  hot 
water  was  then  put  into  it,  the  cover  put  on,  and  the  thermometer  put  in. 
When  the  heat  of  the  water  and  its  rate  of  cooling  was  sufficiently  ascer- 
taind, the  water  being  kept  stirrd  all  the  time,  the  cork  was  drawn  out 
of  the  pipe  and  the  hot  water  let  into  the  pan,  the  funnel  was  then  taken 
off,  the  thermometer  put  into  the  pan  and  the  heat  of  the  mixture  found, 
after  which,  by  weighing  the  mixture,  the  quantity  of  hot  water  put  in 
was  known.  By  this  method  of  proceeding  the  hot  water  was  put  into  the 
pan  without  being  exposed  to  the  open  air,  and  consequently  without  any 
evaporation,  so  that  it  was  coold  very  little  in  passing  into  the  pan  and 
I  was  able  in  some  measure  to  estimate  how  much  that  little  was,  whereas 
if  it  had  been  pourd  in  without  this  precaution  it  would  most  likely  have 
been  coold  considerably  by  the  evaporation  and  contact  of  the  air,  and 
I  should  not  have  been  able  to  form  any  guess  how  much  it  was  coold. 
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Experiment  i.  At  5*"  55'  the  cold  water  in  the  pan  was  found  to  be 
at  48f°  of  heat  and  was  found  to  increase  about  1°  in  50  minutes. 

At  6'^-  i2'°'°-  10*^  the  hot  water  in  funnel  was  at    197°' 

195 
At  6      16        o      the  mixture  was  at  99 

20      30  ,.  „  98I 

The  cork  was  pulled  out  of  the  pipe  of  the  funnel  at  &'"■  13"'  25*" 
and  the  hot  water  took  up  near  30**^  to  run  intirely  out  of  the  funnel 
but  run  almost  out  in  15  or  20*™.  The  weight  of  the  cold  water  was 
249^^5  oz. ;  that  of  the  mixture  i^if^  whence  the  weight  of  the  hot  water 
was  134  oz. 

But  before  we  proceed  to  make  this  experiment  with  the  rule  it  was 
intended  to  examine,  it  is  necessary  to  make  some  corrections.  First,  as 
neither  the  heat  of  the  hot  or  cold  water  or  mixture  were  found  at  the 
precise  time  of  making  the  mixture,  there  must  be  some  corrections  made 
■  to  the  heats  shewn  by  the  thermometer.  Let  us  assume,  therefore,  6""* 
I3"'  40*"-,  or  IS*"-  after  the  cork  was  pulled  out,  as  the  time  of 
making  the  mixture,  and  find  what  would  be  their  heats  at  that  time 
according  to  their  observed  rates  of  heating  and  cooling.  The  hot  water 
coold  2°  in  about  i""-  is*"'  or  a  of  a  degree  in  is"™-;  so  that  its 
heat  at  6'"-  13"-  40*"-  would  be  i94°-6.  According  to  the  same  method 
of  proceeding,  the  heat  of  the  cold  water  at  the  same  time  would  be  49°. 
and  that  of  the  mixture  99t^:  so  that  194^°,  49°  and  ggf'n"  may  be 
looked  upon  as  the  true  heats  of  the  hot  water,  cold  water,  and  mixture. 
Secondly,  it  must  be  observed  that  part  of  the  effect  of  the  hot  water  was 
spent  in  heating  the  pan,  and  therefore  an  allowance  must  be  made  on  that 
account.  The  weight  of  the  pan  was  31-25  oz. ;  that  part  of  the  stirrer 
which  was  within  the  pan  was  2-3  oz.,  and  the  cover  weighed  9t^  oz.  As 
the  inside  surface  of  the  pan  would  be  heated  much  faster  by  the  water 
than  the  outside  surface  would  be  coold  by  the  air,  I  believe  we  may 
suppose  the  tin  pan  would  be  heated  almost  as  hot  as  the  mixture  within 
it,  but  that  the  cover  being  in  contact  with  the  air  on  both  sides  would 
be  heated  only  to  a  mean  heat  between  the  cold  water  and  mixture.  There- 
fore 33-55  oz.  of  tin  plate  were  heated  to  the  heat  of  the  mixture,  and  9-6  oz. 
were  heated  J  as  much,  which  comes  to  the  same  thing  as  if  38-35  oz.  were 
heated  to  the  full  heat  of  the  mixture.  Whence  we  may  conclude  from  the 
experiment  that  the  heat  of  a  mixture  of  134  oz.  of  water  whose  heat  is 
194° -6  with  249-8  oz.  of  water  whose  heat  is  49°,  and  38-35  oz.  of  tin  plate 
of  the  same  degree  of  heat,  will  be  99''-2.  But  it  will  appear  from  an  experi- 
ment, which  will  be  mentiond  hereafter,  that  cold  iron  filings  added  to 
hot  water,  cool  it  n 
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would  do,  and  consequently  the  38*35  oz.  of  tin  plate  in  the  foregoing 
experiment  has  no  more  effect  in  cooling  the  hot  water  than  4*5  02.  of 
water,  \yherefore  adding  this  to  the  weight  of  the  cold  water  I  think  we 
may  conclude  that  the  true  heat  of  a  mixture  of  134  oz.  of  water  whose 
heat  =  i94°-6  with  254-3  oz.  of  water  whose  heat  =  49°  is  99°-2,  which  is 
exactly  the  same  that  it  ought  to  be  according  to  the  forementiond  rule 
that  the  difference  of  heat  of  the  cold  water  and  mixture  is  [to]  the  differ- 
ence of  heats  of  the  hot  and  cold  water  as  the  weight  of  the  hot  water 
to  the  weight  of  the  mixture. 

It  is  plain  that  the  allowance  to  be  made  for  the  effect  of  the  pan  and 
cover  is  very  imcertain,  as  one  can  give  but  a  very  uncertain  guess  how 
much  they  will  be  heated,  but  if  their  effect  had  been  intirely  neglected 
the  computed  heat  of  the  mixture,  or  its  heat  according  to  the  above 
mentiond  rule,  should  be  but  ^  of  a  degree  greater  than  I  made,  so  that 
it  should  seem  as  if  no  error  to  signify  could  proceed  from  thence. 

In  trying  the  heat  of  water-mixture  in  this  and  all  the  following  experi- 
ments of  this  kind,  care  was  taken  that  so  Uttle  of  the  scale  of  the  thermo« 
meter  should  be  out  of  the  pan  that  no  sensible  error  could  proceed  from 
thence. 

The  experiment  was  repeated  in  the  same  manner  with  nearly  the  same 
quantities  of  water.  The  heat  of  the  mixtiure  was  -j^^  of  a  degree  less  than  it 
should  be  by  computation. 

Experiment  2.  With  about  equal  quantities  of  hot  and  cold  water. 

At  7.24.0  the  cold  water  was  at  48*^ 

At  7.37.0  the  water  in  fmmel  was  at    193 

38.30  ,.  .,  .,      192 

40.0  „  „  „      191 

At  7.42.0  the  mixture  was  at  116J 

4340  ..  o  116J 

46.30  >*  ..  116 

The  weight  of  the  cold  water  196-7  oz. 

mixture  387-2 


>»  »» 


The  heats  corrected  as  before  are: 

Cold  water  48°-3 
hot  water  190-8 
mixture  117-2 

Making  the  same  allowance  as  before  for  the  effect  of  the  pan,  the  heat 
of  the  mixture  by  computation  should  be  ii7°-6;  consequently  the  heat  of 
the  mixture  was  -^f  of  a  degree  less  than  it  should  be  by  computation. 

By  another  experiment  made  with  nearly  the  same  quantities  of  water 
the  heat  of  the  mixture  was  exactly  the  same  as  by  computation. 
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Experiment  3.  With  about  2  parts  of  hot  water  to  one  of  cold. 
At  fr.  4.0  the  cold  water  was  at  47° 

6.16.0  ,,  „  47I 

At  6.23.50  the  water  in  the  funnel  was  at       203 
25.0  ,,  ,,  „  202 

At  6.28.20  the  mixture  was  at  148 

31-45  .,  »  147 

The  weight  of  the  cold  water  i3i"5  02. 

mixture  392'9  oz. 

The  corrected  heat  of  the  hot  water  201-8'' 

cold  water  47-g 

,,  „  mixture  ^49' 2 

The  heat  of  the  mixture  by  computation  should  be  149°' i;  therefore 
the  heat  of  the  mixture  is  -jiij  of  a  degree  greater  than  it  should  be  by 
computation. 

Experiment  4,  The  experiment  was  repeated  with  about  equal  quanti- 
ties of  hot  and  cold  water  in  a  rather  different  manner  from  before,  namely, 
the  hot  water  was  put  into  the  pan  and  the  cold  water  into  the  funnel, 
the  pipe  of  the  funnel  being  made  to  enter  into  the  cover  of  the  pan  near 
one  side  so  that  there  was  room  to  keep  the  thermometer  in  the  pan  and 
to  stir  the  water  therein  while  the  funnel  was  in  its  place. 

At  6*"'  58"'"*  30*"-,  the  water  in  the  pan  was  at  i98°-5 :  at  the  same  time 
the  water  in  the  funnel  was  at  45°J.  The  cork  was  then  immediately  taken 
out  and  the  cold  water  let  into  the  pan.  At  7.1.20  the  mixture  was  at  123° 
and  at  7.7.10  at  122^,  The  weight  of  the  cold  water  was  195  oz,  and 
that  of  the  mixture  394^. 

As  the  heats  of  the  hot  and  cold  water  were  observed  at  the  same  time 
and  immediately  before  the  cork  was  drawn  out,  there  is  no  need  to  correct 
their  heats,  but  only  to  correct  the  heat  of  the  mixtures  by  finding  what 
would  have  been  its  heat  at  the  time  of  drawing  out  the  cork  according 
to  its  observed  rate  of  cooling,  wherefore  i23''-5  is  to  be  looked  upon  as  the 
true  heat  of  the  mixture. 

If  the  same  allowance  is  made  for  the  effect  of  the  pan  as  in  the  former 
experiment  the  heat  of  the  mixture  by  computation  is  I23°'7. 

But  in  reahty  the  allowance  ought  to  be  rather  different.  Let  us 
suppose  that  before  the  cold  water  was  put  in,  that  part  of  the  pan  which 
was  in  contact  with  the  hot  water  was  of  the  same  heat  as  the  water; 
and  that  the  remainder  of  the  pan  and  the  cover  was  about  a  mean 
between  the  heat  of  the  hot  water  and  the  air  of  the  room,  id  est  about  the 
heat  of  the  mixture;  and  let  us  suppose  that  after  the  mixture  was  made 
(as  the  pan  was  then  near  full)  that  the  whole  pan  was  of  the  same  heat 
as  the  mixture,  and  the  cover  about  a  mean  between  the  heat  of  the 
mixture  and  of  the  air.    Therefore  that  part  of  the  pan  which  was  not 
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in  contact  with  the  hot  water  was  not  coold  at  all  by  pouring  in  the  cold 
water.  The  rest  of  the  pan  and  the  cover  was  coold  in  the;  same  proportion 
as  it  was  heated  in  the  former  experiment.  As  the  pan  was  about  \  full 
of  hot  water,  that  part  which  was  not  in  contact  with  the  water  was  about 
I  of  the  whole;  whence  the  allowance  for  the  effect  of  the  pan,  etc.  comes 
out  about  3  oz.  and  therefore  the  heat  of  the  mixture  by  computation  is 
I23°i  which  is  exactly  the  same  as  the  observed  heat. 

By  another  experiment  tried  in  the  same  way  with  nearly  the  same 
quantities  the  heat  of  the  mixture  was  \  a  degree  less  than  it  should  be 
by  computation. 

In  all  the  foregoing  experiments  the  observed  heats  of  the  mixture 
differ  from  the  computed  by  not  more  than  the  different  experiments  do 
from  each  other,  so  that  the  above-mentiond  rule  seems  perfectly  con- 
formable to  experiment. 

It  must  be  observ^ed  that  in  the  first  method  of  trying  the  experiment 
the  greater  the  allowance  I  made  for  the  effect  of  the  pan,  the  less  would 
the  computed  heat  come  out,  whereas  in  the  2**  way  of  trying,  the 
greater  allowance  I  made  the  greater  would  the  computed  heat  turn 
out.  Consequently  as  the  computed  heats  agree  equally  well  with  the 
observed  in  both  methods  of  tr>nng  the  experiment,  it  appears  that  the 
allowance  I  made  could  not  be  sufficiently  wrong  to  be  of  any  signification. 

Section  2.  One  would  naturally  imagine  that  if  cold  $  [mercury]  or 
any  other  substance  is  added  to  hot  water  the  heat  of  the  mixture  would 
be  the  same  as  if  an  equal  quantity  of  water  of  the  same  degree  of  heat 
had  been  added ;  or.  in  other  words,  that  all  bodies  heat  and  cool  each  other 
when  mixed  together  equally  in  proportion  to  their  weights.  The  following 
experiment,  however,  will  show  that  this  is  very  far  from  being  the  case. 

The  glass  bottle  usoil  for  making  the  mLxtures  in  the  following  exper. 
w^s  of   the  shape  marked   in   the  anne.xed 
figure  and  was  blown  thin  and  ver\»  regular 
the  better  to  bear  sudden  alterations  of  heat 
and  cold. 

In  order  to  prevent  the  liquor  in  the  bottle 
from  cooling  so  fast  as  it  would  otherwise  do. 
the  bottle  \\*as  inclosed  in  a  tin  pan  with  a 
cover  to  it,  A  BCD,  in  such  manner  that  only 
the  mouth  of  the  bottle  was  exposed  to  the 
air,  all  the  rest  being  within  the  pan.  The 
bottle  was  kept  steady  in  the  middle  of  the 

pan  by  tin  rings  and  the  sj^oes  bt^tween  the  bottle  and  sides  of  the  pan 
were  filled  with  wool.  In  tr\nng  the  exjvriment  the  hot  water  or  other 
Uquor  was  put  into  the  bottle  and  when  its  heat  and  rate  of  cooling  was 
sufficiently  ascertaind,  the  cold  (whose  heat  as  being  nearly  of  the  temper 
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of  the  air  alterd  very  slowly)  was  put.  The  heat  of  the  liquor  in  the 
bottle  was  found  by  putting  the  ball  of  the  thermometer  into  it  and  keeping 
it  there  till  it  was  come  to  the  full  heat  of  the  Uquor,  the  bottle  being  all 
the  while  gently  shaken,  after  which  the  thermometer  was  taken  out,  the 
bottle  corked  up  close  and  kept  shaking  till  the  heat  of  the  liquor  was 
tried  again.  The  time  during  which  it  was  requisite  to  keep  the  thermo- 
meter in  the  liquor  before  it  acquired  the  full  heat  was  different  according 
to  the  nature  of  the  liquor;  in  water  it  was  requisite  to  keep  it  about  ' ; 
in  2  rather  less;  in  spirits  of  wine  somewhat  more. 

The  bottle  held  rather  more  than  19  oz.  of  water,  and  weighed  9"^ 

jydm.  Qgniia.  ^|jg  (jjj  p^^j  ^^j  ^q^j  weighd  U.I5.4  [ll"'  I5''"'  4*"^}. 

Exp.  5.  Mixture  of  hot  and  cold  water. 

At  20  minutes  the  water  in  the  bottle  was  at  isSJ" 


23 
26 


155 
152 


The  cold  water  was  then  immediately  put  in. 
At  29  minutes  the  mixture  was  at 
32 


io6i 
106 

The  weight  of  the  cold  water  put  in  was  s*"'  ii'*"-  17*^  and  its  heat 
was  5i''i.  The  weight  of  the  mixture  was  1 1.3. 19  and  therefore  the  weight 
of  the  hot  water  5.12.2. 

Exp.  6.   Mixture  of  cold  5  with  hot  water. 

At  43  minutes  the  water  in  the  bottle  v 
46         „ 
49 
The  5  was  then  immediately  put  in. 

At  52  minutes  the  mixture  was  at 
55 
58 


sat  i6ii° 
158 
155 


108 


The  weight  of  the  5  put  in  was  171. 12.0  and  its  heat  was  5^°\ :  the  weight 
of  the  mixture  was  177.4.3  and  therefore  the  weight  of  the  hot  water  5.12.3. 

The  difference  of  Heat  of  the  hot  and  cold  water  in  the  5""  exp,  was  the 
same  as  the  difference  of  heat  of  the  hot  water  and  !  in  the  6""  exp, 
and  the  weight  of  the  hot  water  was  the  same  in  both  these  experiments, 
and  yet  the  difference  of  heat  of  the  hot  wafer  and  mixture  was  near  as 
great  in  the  j"*  exp.  as  the  6"';  so  that  the  hot  water  was  coold  near  as 
much  by  the  addition  of  5. 11. 17  of  water  as  by  that  of  171.12.0  of  5; 
that  is,  hot  water  is  coold  near  as  much  by  the  addition  of  l  part  of  cold 
water  as  by  that  of  30  parts  of  S  of  the  same  heat. 
1  [Time  not  stated.] 
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In  order  to  compare  the  effects  of  $J  and  water  more  exactly,  let  us 
assume  26^  in  the  5^  exp.  or  J  a  minute  after  the  last  time  of  observing 
the  heat  of  the  hot  water,  for  the  time  of  making  the  mixture,  and  find 
the  heats  of  hot  water  and  mixture  at  that  time,  as  in  the  former  experi- 
ments. By  this  means  the  corrected  heats  of  the  hot  water  and  mixture 
come  out  i5i°'5  and  loG'^^.  The  quantity  of  cold  water  added  was  5~- 
J  jdwt.  ygr.  g^j  j^g  \i(it2X  was  5i°-5.  But  by  the  above-mentiond  rule  io6°-8  is 
the  heat  of  a  mixture  of  5. 11. 7  of  water  of  5i°'5  of  heat  with  6.14.4  of 
water  of  i5i°-5  of  heat;  so  that  the  effect  is  the  same  as  if  the  weight  of 
the  hot  water  had  been  6.14.4  ^^^  the  effect  of  the  bottle  and  pan  had 
been  nothing,  and  consequently  the  effect  of  the  bottle  and  pan  is  equal 
to  that  of  1.6.2  of  water. 

According  to  an  experiment  which  will  be  related  hereafter,  that 

pounded  glass  added  to  cold  water  cools  it  as  much  as  ^ its  weight  of 

water  of  the  same  degree  of  heat ;  consequently  supposing  the  glass  bottle 
to  be  heated  to  the  same  degree  as  the  liquor  within,  which  I  think  it  must 
necessarily  be,  its  effect  must  be  equal  to  that  of  1.4.12  of  water;  con- 
sequently there  remains  2.2  for  the  effect  of  the  pan,  etc. 

The  heats  of  the  hot  water  and  mixture  in  the  6*^  exp.  corrected 
as  above  are  154°^  and  109°- 1,  and  as  the  same  bottle  and  pan  was 
used  in  this  exp.  as  in  the  last,  and  as  the  quantity  of  hot  water 
also  was  the  same,  though  I  do  not  know  whether  that  is  of  any  significa- 
tion, it  is  plain  that  the  quantity  to  be  allowed  for  the  effect  of  the  bottle 
and  pan  must  be  the  same  in  this  exp.  as  in  the  last.  Therefore  the 
heat  of  the  mixture  is  the  same  as  if  instead  of  the  $,  5. 15. 21  of 
water  of  the  same  degree  of  heat  had  been  added,  for  54°'3,  the  difference 
of  heats  of  the  mixture  and  2  is  to  45°'7,  the  difference  of  heats  of  the  hot 
water  and  2,  as  6.18.5.  to  5. 15. 21;  consequently  cold  water  added  to  hot 
water  cools  it  as  much  as  the  addition  of  29-61  its  weight  of  2  of  the  same 
degree  of  heat  will  do;  or,  in  other  words,  the  effect  of  water  in  cooling  hot 
water  is  29-61  times  greater  than  that  of  2  of  the  same  heat. 

The  experiment  was  repeated  in  the  same  manner,  with  different  quanti- 
ties of  hot  water. 

Exp.  7.   Mixture  of  cold  water  with  hot. 

At  2  minutes  the  hot  water  was  at  151** 

5  »  M  149 

8  „  „  147 

The  cold  water  was  then  put  in. 

At  II  minutes  the  mixture  was  at  119 
14  -  »»  ii8i 

17  »»  »»  117! 
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The  weight  of  the  cold  water  added  wasf  3-971  oz.  'and  its  heat  was  5i**J. 
The  weight  of  the  mixture  was  12715  and  consequently  the  weight  of  the 
hot  water  8744. 

Exp.  8.   Mixture  of  ^  with  hot  water. 

At  22  minutes  the  hot  water  was  at  157^° 

25  M  „  155 

28  „  „  152! 

The  5  was  then  put  in. 

At  31  minutes  the  mixture  was  at     123 
34  »*  ^>  I22i 

37  »  ''  I2ii 

The  weight  of  the  ^  was  120-212  [oz.]  and  its  heat  51°.  The  weight  of  the 
hot  water  was  8719  oz.  Proceeding^  as  before,  the  corrected  heats  of  the 
hot  water  and  mixture  in  the  y^  exp.  are  I46°7  and  ii9°-5  and  the 
effect  of  the  bottle  and  pan  is  equal  to  that  of  1-074  ^z.  of  water.  In 
the  8^  exper.  the  corrected  heats  of  the  hot  water  and  mixture  are 
i52°-3  and  i23°-6.  Therefore  the  120-212  oz.  of  ^  coold  the  water  as  much 
[as]  3-871  oz.  of  water  would  do  and  therefore  the  effect  of  water  in  cooling 
hot  water  is  31-05  times  greater  than  that  of  $. 

Having  thus  found  the  proportional  effect  of  cold  water  and  ^  in 
cooling  hot  water  I  next  tried  whether  their  effects  in  cooling  hot  ^  would 
bear  the  same  proportion  to  each  other. 

Exp.  9.   Mixture  of  cold  ^  with  hot. 

At  7  minutes  the  ^  in  the  bottle  was  at  167^® 

10  „  „  „  i63i 

13  »»  ..  »*  160 

The  cold  ^  was  then  put  in. 

At  16  [min.]  the  mixture  was  at  113 

19  ••  .»  ii3i 

22  „  „  iiij 

The  weight  of  the  cold  ^  was  125-437  [oz.]  and  its  heat  54**J.  The  weight 
of  the  hot  5  was  125-45. 

Exp.  10.  Cold  water  added  to  hot  5^. 

At  42'  the  ^  in  the  bottle  was  at  168 

45  ,,  M  164 

48  „  „  160J 

The  water  was  then  put  in. 

At  51'  the  mixture  was  at  113 

54  »»  »*  i"l 

57  M  „  iioi 
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The  weight  of  the  cold  water  was  4-115  [oz.J  and  its  heat  52° J.  The 
weight  of  the  hot  ^  is  I25'425. 

In  the  9"*  exp.  the  corrected  heats  of  the  hot  5?  and  mixture  are 
I59°'4  and  ii4°-4;  and  the  effect  of  the  bottle  is  equal  to  that  of  42-08 
of  5J.  In  the  10^  exp.  the  corrected  heats  of  the  hot  5?  and  mixture 
are  i59°-6  and  ii3°-9:  wherefore  the  4-115  of  water  coold  the  5^  as  much  as 
125-18  of  5  and  therefore  water  cools  hot  ^  as  much  as  30-42  its  weight 
of  ^  can  do,  or  the  effect  of  water  in  cooling  hot  5?  is  30-42  times  greater 
than  that  of  5.  By  a  mean  of  all  3  experiments  the  effect  of  water  in 
cooling  hot  water  or  ^  seems  to  be  30-1  times  greater  than  that  of  5J. 

The  effect  of  water  in  cooling  hot  water  appeard  to  be  29-61  times 
greater  than  that  of  SJ  by  one  experiment  and  31-05  by  the  other.  Whence 
it  appears  that  the  effects  of  water  and  5  in  cooling  hot  5  bear  the  same 
proportion  to  each  other  as  their  effects  in  cooling  hot  water. 

I  then  tried  whether  the  effects  of  hot  water  and  hot  $J  in  heating  cold 
water  bore  the  same  proportion  to  each  other  as  those  of  cold  water  and 
5J  do  in  cooling  hot  water. 

Exp.  II.   Hot  water  added  to  cold. 

The  cold  water,  which  was  nearly  of  the  temper  of  the  air,  was  put  in 
the  bottle  inclosed  in  the  pan,  and  the  hot  water  put  in  a  separate  bottle 
wrapt  up  in  flannel  to  prevent  its  cooling  so  fast  as  it  would  otherwise 
do.  This  bottle  of  water  with  a  thermometer  immersed  in  the  liquor  was 
gently  agitated  till  the  thermometer  simk  to  138**.  The  thermometer  was 
then  taken  out  and  the  hot  water  immediately  poured  into  the  bottle  of 
cold  water. 

At  I  minute  the  hot  water  was  pourd  in. 
At  4  minutes  the  mixture  was  at  91** 
6  „  „  90J 

The  weight  of  the  cold  water  was  5-606  and  its  heat  54 J :  the  weight  of 
the  hot  water  was  5-59. 

Exp.  12.  Hot  5?  added  to  cold  water. 

This  exper.  was  tried  in  the  same  way  as  the  former. 

At  48'  the  5  was  pourd  in. 

At  51  the  mixture  was  at  92^ 

54  M  „  92 

57  M  „  9ii 

The  weight  of  the  cold  water  was  5-606  and  its  heat  56°^. 
The  weight  of  the  hot  5  was  171-6  [oz.]  and  its  heat  138°. 

In  these  2  exper.  let  us  suppose  the  heats  of  the  liquors  the  same 
as  they  were  found  by  the  thermometer,  and  let  us  correct  the  heats 
of  the  mixture  by  finding  what  their  heat  ought  to  have  been  according 
to  their  observed  rate  of  cooling  at  the  time  of  putting  in  the  hot  liquor. 
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Therefore  in  the  nth  exper.  gi'-j  was  the  corrected  heat  of  the  mixture; 
the  effect  of  the  bottle  is  equal  to  that  of  1-419  of  water.  In  the 
i2th  exper.  the  corrected  heat  of  the  mixture  is  93°  and  the  5  heated 
the  water  as  much  as  5-7  of  water  would;  and  therefore  the  effect  of 
water  in  heating  water  is  jo-ii  times  greater  than  that  of  g. 

Hence,  I  think,  we  may  conclude  that  the  effects  of  hot  water  and  hot 
5  in  heating  cold  water  bear  the  same  proportion  to  each  other  as  their 
effects  when  cold  do  in  coohng  hot  water. 

This  conclusion  might  have  been  deduced  from  the  former  experiments, 
provided  it  is  granted  that  the  rule  which  was  shewed  to  hold  good  with 
regard  to  hot  and  cold  water,  holds  also  good  with  regard  to  mixtures 
of  hot  and  cold  5;  namely,  that  the  difference  of  heats  of  the  hot  5  and 
mixture  is  to  the  difference  of  heats  of  the  mixture  and  cold  5  as  the  weight 
of  the  cold  ?  to  the  weight  of  the  hot.  For  from  these  experiments  it  was 
deduced  that  the  effects  of  cold  water  and  5  in  cooling  hot  2  hore  the 
same  proportion  to  each  other  as  their  effects  in  cooling  hot  water.  Let  the 
effect  of  cold  water  in  coohng  hot  'i.  or  water  be  «  times  greater  than  the 
effect  of  cold  2 1  then  will  the  heat  of  a  mixture  of  one  part  of  cold  water 
with  any  number  of  parts  (as  -4)  of  hot  ?  be  equal  to  the  heat  of  a  mixture 
of  n  parts  of  cold  5  with  A  parts  of  hot,  which  by  the  postulation  is  equal 
to  the  heat  of  a  mixture  of  n  parts  of  cold  water  with  A  parts  of  hot,  or  of 

I  part  of  cold  water  with  -  of  hot.    Therefore  —  parts  of  hot  water  have 

the  same  effect  in  heating  one  part  of  cold  water  as  A  parts  of  hot  5,  or 
I  part  of  hot  water  has  the  same  effect  as  «  parts  of  hot  $,  which  is  the 
thing  to  be  proven. 

On  the  other  hand,  if  it  is  granted  that  the  effects  of  hot  water  and  hot 
5  in  heating  cold  water  bear  the  same  proportion  to  each  other  as  their 
effects  when  cold  do  in  coohng  hot  water  and  hot  2,  it  follows  that  the 
above  mentiond  rule  does  also  hold  good  with  regard  to  5 1  and  also  that 
the  effects  of  hot  water  and  ?  in  heating  cold  ?  bear  the  same  proportion 
to  each  other  as  their  effects  when  cold  do  in  cooling  hot  water  and  5. 

Exp.  13,  Cold  spirits  of  wine  added  to  hot  5- 

At  44'  the  ?  in  the  bottle  and  pan  was  at  148"^ 

47  ..  ..  ..  145 

50  ..  ..  ..  1+2 

The  spirits  were  then  put  in. 

At  53'  the  mixture  was  at       i03°i 

56  „  „  I02i 

59  -  ..  loii 

The  weight  of  the  hot  2  was  125-45  [oz.] :  the  weight  of  the  spts.  of  wine 
5-275  and  its  heat  54". 
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The  corrected  heats  of  the  5  and  mixture  are  I4i°'5  and  104**;  whence, 
by  comparing  this  exp.  with  exp.  9th  in  which  the  quantity  of  hot  ^  was 
exactly  the  same,  it  appears  that  the  spirits  of  wine  coold  the  ^  as  much 
as  123-62  of  ^  would  have  done,  and  therefore  the  effect  of  spts.  of  wine  in 
cooling  hot  ^  is  23-43  times  greater  than  that  of  ^, 

By  another  exper.  of  the  same  kind  tried  with  the  same  quantity 
of  ^  and  7-85  of  spts.,  the  effect  of  spts.  of  wine  came  out  21-65  greater 
than  that  of  ^ ;  and  by  another  experiment  with  the  same  quantity  of  ^  and 
5-852  of  spts.  it  came  out  22-82  times  greater. 

I  then  tried  whether  their  effects  in  cooling  hot  spts.  bore  the  same 
proportion  to  each  other. 

Exp.  14.  Cold  spts.  added  to  hot. 

At  55  minutes  the  spts.  were  at         142**^ 

58  ..  »  140 

61  „  „  137J 
The  cold  spts.  were  then  put  in. 

At  64  minutes  the  mixture  was  at     ioi°f 
67  „  „  lOI 

70  M  „  looj 

The  weight  of  the  cold  spts.  was  6-404  [oz.]  and  their  heat  56°  and  the 
weight  of  the  hot  spirits  was  6-412  [oz.]. 

Exp.  15.  Cold  ^  added  to  hot  spts. 

At  50' the  spirits  were  at         ...         143 °i 

53  M  ...         140! 

56  „  ...         138 

The  5?  then  added. 

At  59  minutes  the  mixture  was  at     loi^f 

62  „  „  „  loij 
65              „            „            „  looi 

The  weight  of  the  ^  was  147-562  [oz.]  and  its  heat  55**f :  the  weight 
of  the  spts.  was  6-406  [oz.]. 

In  the  14th  exp.  the  corrected  heats  of  the  hot  spts.  and  mixture  are 
137°-!  and  i02°-3  and  the  effect  of  the  bottle  and  pan  is  equal  to  2-1  of 
spts.  In  the  15th  exp.  the  corrected  heats  of  the  hot  spt.  and  mixture  are 
i37°'54  and  102^-17;  wherefore  the  ^  coold  the  spt.  as  much  as  6-481  of 
spts.  would  have  done ;  whence  the  effect  of  spts.  in  cooling  hot  spts.  is 
22-77  times  greater  than  that  of  $. 

Hence,  I  think  we  may  conclude  that  the  effects  of  spts.  and  §  in 
cooling  hot  spts.  bear  the  same  proportion  to  each  other  as  their  effects  in 
cooling  hot  5J. 
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By  a  mean  of  all  the  experiments  the  effect  of  spts.  of  wine  in  cooling 
hot  5  and  spts.  seems  to  be  227  times  greater  than  that  of  5,  and,  con- 
sequently, 1-326  times  less  than  that  of  water. 

I  also  made  an  exp.  to  see  whether  the  effect  of  spts.  cooling  hot 
water  bore  the  same  proportions  or  not  to  that  of  ?.  But  it  must  be 
observed  that  there  is  heat  generated  by  mixing  spts.  of  wine  with  water; 
id  est,  when  water  and  spts.  of  wine  of  the  same  degree  of  heat  are  mixed 
together  the  heat  of  the  mixture  will  be  greater  than  that  of  the  Hquors 
before  mixing.  Wherefore  it  is  necessary  to  find  how  much  the  heat 
generated  is,  which  renders  the  expt.  more  complicated  and  less 
exact. 


Exp.  16.  Cold  spts.  of  w 


1  to  hot  water. 


f  wine  a 

At  39' water  at 

42 
45 
[The  spts.  of  wine  were  then  put  in.] 
At  49'  the  mixture  was  at 
52 
55 


i53°f 

i5ii 
I49i 


122J 


The  weight  of  the  hot  water  was  9-088:  the  weight  of  the  spt.  was 
7-631  and  its  heat  60°. 

Exp.  17.  Some  warm  spts.  of  wine  were  put  in  the  glass  bottle 
inclosed  in  the  tin  pan  and  some  warm  water  was  kept  ready  in  another 
bottle  wrapt  in  flannel  with  a  thermometer  in  it. 

At  52'  the  spts.  were  at  "4''i 

55  ..  ..  "3 

The  warm  water  was  then  immediately  put  in. 

At  59'  the  mixture  was  at       I2i°i 

62  „  „  120J 

t>5  ..  ..  "9i 

The  weight  of  the  spts.  was  7-587  [oz.].  The  weight  of  the  water  added 
was  9-175  [oz.]  and  its  heat  at  55  minutes  was  117'J- 

The  corrected  heat  of  the  spt.  in  this  last  expt.  is  ii2''-7i,  and, 
supposing  the  warm  water  to  have  coold  as  fast  as  the  spts.  its  corrected 
heat  is  ii7''-46,  the  corrected  heat  of  the  mixture  is  i22°-8i. 

If  we  suppose  that  the  effect  of  warm  water  in  heating  spts.  is  1-326 
times  greater  than  that  of  spts.,  the  heat  of  the  mixture  would  be  ii2°-ji 
if  no  heat  was  generated  by  the  mixing,  and  as  the  difference  of  heat  of  the 
2  liquors  is  so  small,  namely,  only  4  degrees,  the  heat  would  not  be 
much  different  though  the  proportion  of  the  effects  of  water  and  spts. 
in  heating  spts.  was  considerably  different  from  what  we  suppose:  there- 
fore the  mixture  was  7°-46  hotter  than  it  would  be  if  no  heat  was  generated. 
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In  the  1 6th  experiment  the  corrected  heats  of  the  hot  water  and 
mixture  are  I48°'88  and  i23°-88,  and  as  the  quantity  of  water  and  spts. 
is  very  nearly  the  same  in  this  exp.  as  [in]  the  other,  we  may  suppose 
that  the  heat  of  the  mixture  in  this  expt.  as  much  exceeded  what 
it  would  be  if  no  heat  was  generated  as  it  did  in  the  other.  Therefore  the 
heat  of  the  mixture  would  have  been  ii6°-42  if  no  heat  had  been  generated. 
This  heat  is  the  same  as  the  heat  of  the  mixture  would  have  been  if 
instead  of  the  spts.,  5-948  of  water  had  been  added.  Therefore,  allowing 
for  the  heat  generated  by  the  mixture,  7-631  of  spt.  cool  water  as  much 
as  5-948  of  water  and  therefore  the  effect  of  spts.  in  cooling  water  is 
1-283  times  less  than  that  of  water  or  23-46  times  greater  than  that  of  ^. 
Therefore  as  far  as  can  be  determined  by  this  exper.  the  effects  of  spt. 
and  5  in  cooling  hot  water  bear  the  same  proportion  to  each  other 
as  their  effects  in  cooling  spts.  or  $J. 

It  should  seem,  therefore,  to  be  a  constant  rule  that  when  the  effects 
of  any  2  bodies  in  cooling  one  substance  are  found  to  bear  a  certain  pro- 
portion to  each  other  that  their  effects  in  heating  or  cooling  any  other 
substance  will  bear  the  same  proportion  to  each  other. 

If  this  rule  is  true  it  is  plain  that  in  the  foregoing  expenments  the  effect 
of  the  bottle  and  pan  in  heating  the  cold  liquor  put  in  should  be  the  same 
(or  should  be  equal  to  that  of  the  same  quantity  of  water)  of  whatever 
nature  the  hot  liquor  in  the  bottle  was.  This,  as  far  as  can  be  expected,  is 
conformable  to  experiment,  for  according  to  the  5th  exper.  the  quantity 
to  be  allowed  for  the  effect  of  the  bottle  and  pan  appeard  to  be  1-269  ^2. 
of  water;  by  the  7th  exper.  1-241  oz.  and  by  the  12th  exper.  it  seemd 
1-419  oz.  According  to  the  9th  exp.  it  appeard  to  be  39-21  oz.  of  ^  or 
1-303  of  water;  and  by  the  14th  it  appeard  to  be  2-099  ^^  spts.  or  1-583 
of  water.  Though  there  is  a  considerable  difference  between  the  quantity 
of  this  allowance  as  found  by  the  7th  and  14th  exps.,  yet  it  does  not 
seem  greater  than  may  be  owing  to  the  error  of  the  exper.,  as  this  differ- 
ence may  be  accounted  for  without  supposing  so  great  an  error  in  the 
experiments  as  what  is  necessary  to  reconcile  the  3  experiments  in  which 
cold  spts.  were  added  to  hot  5?. 

The  true  explanation  of  these  phenomena  seems  to  be  that  it  requires 
a  greater  quantity  of  heat  to  raise  the  heat  of  some  bodies  a  given  number 
of  degrees  by  the  thermometer  than  it  does  to  raise  other  bodies  the  same 
number  of  degrees. 

I  made  some  experiments  also  to  find  the  effect  of  2  or  3  other  liquors 
and  also  of  several  solid  bodies  in  heating  or  cooling  other  substances. 
The  experiments  upon  the  liquors  were  tried  in  the  same  glass  bottle 
used  for  the  former  experiments  by  putting  hot  ^  in  the  bottle  and  adding 
these  liquors  to  it.  Those  upon  solid  substances  were  tried  in  a  tin  bottle 
nearly  of  the  same  shape  as  the  glass  one,  holding  22-902  oz.  of  water  and 
weighing  3-9  oz.  and  inclosed  in  the  same  tin  pan  as  the  glass  bottle.  The 


Experiments  on  Heat  34. 1 

experiments  were  tried  by  putting  hot  water  in  the  bottle  and  adding 
these  substances  to  it.  The  heat  of  the  solid  substances  was  determined  by 
keeping  the  bottle  in  which  they  were  containd  in  a  pail  of  water  till  it 
was  supposed  that  they  were  arrived  at  the  same  heat  as  the  water.  In  all 
other  respects  the  experiments  were  tried  in  the  same  manner  as  the  former. 
In  order  to  find  the  allowance  to  be  made  for  the  effect  of  the  bottle  I  made 
3  experiments,  the  result  of  which  is  as  follows: 


Weights  ot 


hot 


Corrected  heata  of 
hot 


Allowance 

,  Heat  of     for  effect 

cold        of  bottle 
mixture  water       and  pan 


istexpt.  12935  9137  15373  108-5  39'5         I- 

2nd  expt.        15892  6-II2  14975  1205  40-5         -85 

3rd.  expt.        17-171  4035  155-25  134-5  41-5         -694 

The  following  tables  contain  the  results  of  all  the  experiments  I  have 
made  on  this  subject  as  well  as  those  made  with  the  glass  bottle  as  with  the 
tin  one. 

Experiments  tried  with  glass  bottle. 

Corrected  heats  ol 


Weights  of 


hot  c 


Effect  of 
these  liquors 

io  heating 
Heat  and  cooling 
of  others:  the 
cold  effect  of 
hquor    waters  I 


Saturated  solution  of ) 
sea-salt  f 

Solution  of  pearl-ashes  I 
in  2"^  their  weight  of  - 
water  J 

Oil  of  vitriol  mixed) 
with      an       equal 


125-46      5-506        145-4 


125-46      5-5 


12546      5-5 


154-13         III-I2  54-5 


156-63         115-58 


57  iTT, 


weight  of  water  J 
In  all  these  exper.  I  took  care  not  to  put  so  much  of  the  solid 
matter,  but  what  there  was  water  enough  above  it  to  intirely  cover  the 
ball  of  the  thermometer.  These  experiments,  however,  are  much  less  exact 
than  those  with  liquids  as  there  was  much  more  time  spent  in  pouring  in 
the  solid  substances  than  the  liquids,  and  the  thermometer  was  much 
slower  in  arriving  at  the  heat  of  the  liquor  as  I  could  not  agitate  the  liquor 
about  it  so  much;  besides  that,  perhaps,  that  part  of  the  liquor  in  which 
the  thermometer  was  immersed  was  not  exactly  of  the  same  temper  as 
the  rest  of  the  water  and  the  solid  matters. 

I  made  an  attempt  to  find  the  effect  of  air  in  coohng  water  by  blowing 
air  from  a  smith's  bellows  through  the  worm  of  a  still,  and  seeing  how  the 
water  in  the  worm-tub  was  coold  thereby.  The  nozzle  of  the  bellows  was 
fastend  to  the  lower  end  of  the  worm  and  the  ball  of  the  thermometer 
was  pot  into  the  upper  end  of  it  to  see  how  much  the  air  was  heated  in 
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ij^penments  tnc 

id  witn  tm  Dotue. 

Weights  of 

-A. 

Correctec 

1  heats  of 

I—          — > 

mixture 

Heat 
of  solid 

sub- 
stance 

Effect  of 
substance 
in  heating 

Name  of  substance 
tried 

hot 
water 

solid 
substance 

hot 
water 

or  cooling 
others 

Iron  filings 

14-965 

42 

153° 

128-5° 

5375° 

I 
812 

The  same  tried  again 

15023 

40-581 

i52i 

i3oi 

5275 

I 
9-15 

Lead  shot 

13-2 

I02-I 

152 

133-25 

47-5 

I 
33*6 

The  same  tried  again 

13-354 

102-03 

156 

1365 

50 

I 
32-2 

Tin    reduced    to^ 

« 

lumps  of  about  J- 

13.929 

57-471 

1545 

135-5 

48-5 

I 

18 

the  size  of  peasJ 

• 

Silver  sand 

12-954 

24-25 

148 

122-5 

48-5 

I 
51 

White  glass 

11-904 

28-892 

14825 

126-75 

5075 

I 
8-07 

White  marble 

13-435 

21-604 

157 

131-5 

5025 

I 
4.856 

Brimstone 

12756 

17-502 

150 

131-25 

5075 

I 
5*59 

Newcastle  coal 

13-071 

11-502 

153-25 

133 

50 

I 
3-42 

Charcoal 

13-583 

3-987 

15625 

1485 

49-5 

I 
3-57 

passing  through  it.  The  lower  board  of  the  bellows  was  confind  in  such 
manner  that  it  could  move  only  a  given  space  so  that  the  same  quantity 
of  air  was  forced  into  the  upper  partition  of  the  bellows  at  each  stroke.  A 
mark  was  placed  by  the  side  of  the  upper  board  of  the  bellows,  and  as 
soon  as  the  board  sunk  below  that  mark,  a  stroke  of  the  lower  board  was 
given  so  as  to  keep  the  upper  board  always  equally  elevated.  It  was  found 
by  measuring  the  surface  of  the  lower  board,  and  the  space  which  it  was 
made  to  move  through,  that  283  cubic  inches  of  air  was  forced  into  the 
upper  partition  at  each  stroke,  supposing  that  no  air  escapes  through  the 
valve  of  the  lower  board.  It  was  found  also  that  only  /^  of  the  quantity 
of  air  forced  into  the  upper  partition  passed  through  the  worm,  the  rest 
escaping  by  the  valve  of  the  bellows  and  through  the  pores  of  the  leather 
as  I  found  that  in  tr3dng  the  experiment  I  was  forced  to  give  1600  strokes 
of  the  bellows  in  57*0  minutes  so  as  to  keep  the  upper  board  at  the  right 
elevation;  whereas  when  the  upper  orifice  of  the  worm  was  stopt  up 
so  that  no  air  could  pass  through  the  worm,  I  was  obUged  to  give  645 
strokes  in  the  same  time. 

The  tub  had  a  wooden  cover  to  it,  with  a  hole  in  it  to  put  a  thermometer 
in,  and  was  furnished  with  a  piece  of  wood  by  which  I  could  stir  the  water 
without  taking  off  the  cover  or  taking  out  the  thermometer.  The  exper. 
is  as  follows : 
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Number  of  Thermom. 


343 


28        25 


14     30 


1600 


iiS} 
117 
114I 


Ii7i 


114 


The  water  in  the  worm-tub  was  2250  oz.  and  it  was  found  by  experiment 
that  323  oz.  are  to  be  allowed  for  the  effect  of  the  tub  and  cover  and  worm. 
The  heat  of  the  air  in  the  room  near  the  bellows  was  52°-  It  was  foimd  that 
the  water  in  the  tub  would  have  coold  about  ^°-y(j  in  the  57  minutes  that 
the  experiment  lasted  if  no  air  had  been  blown  through  the  worm;  so  that 
it  seemed  as  if  the  water  was  coold  -96°  by  blowing  the  air  tlu'ough. 

The  quantity  of  air  blown  through  the  worm  was  216^  oz.  and  was 
heated  63°  in  passing  through.  Therefore  it  requires  as  great  a  quantity 
of  heat  to  raise  216J  oz.  of  air  63°  by  the  thermometer  as  to  raise  2573  oz. 
of  water  -96"  and  therefore  the  effect  of  air  in  heating  and  cooling  other 
bodies  is  5-51  times  less  than  that  of  wafer. 

By  another  exper.  made  in  the  same  manner,  its  effect  seemd 
9'2  times  less  than  that  of  water,  but  the  quantity  which  the  water  was 
coold  by  blowing  the  air  through  the  worm  was  so  small  in  both  these 
experiments  that  one  can  give  but  a  very  imperfect  guess  at  how  much  its 
effect  is. 

Part  II 

As  far  as  I  can  perceive  it  seems  a  constant  rule  in  nature  that  all 
bodies  in  changing  from  a  solid  state  to  a  fluid  state  or  from  a  non-elastic 
state  to  the  state  of  an  elastic  fluid  generate  cold,  and  by  the  contrary 
change  they  generate  heat. 

I  shall  first  consider  those  cases  in  which  bodies  are  changed  from  a  non- 
elastic  to  an  elastic  state  or  from  an  elastic  to  a  non-elastic  state,  and  after- 
wards those  in  which  they  are  changed  from  a  solid  to  a  fluid  state  or  the 
contrary. 

The  reason  of  this  phenomenon  seems  to  be  that  it  requires  a  greater 
quantity  of  heat  to  make  bodies  shew  the  same  heat  by  the  thermometer 
when  in  a  fluid  than  in  a  solid  state,  and  when  in  an  elastic  state  than  in 
a  non-elastic  state.  It  is  plain  that  according  to  this  explanation  all  bodies 
should  generate  as  much  cold  in  changing  from  a  oe  st.  as  they  generate 
heat  by  the  contrary  change,  which  as  far  as  I  can  perceive  seems  to  be  the 
case.  There  are  2  different  ways  by  which  fluids  evaporate  or  are  changed 
info  the  state  of  an  elastic  fluid,  namely,  first  that  species  of  evaporation 
which  is  performed  with  a  less  heat  than  that  which  is  sufficient  to  make 
them  boil,  and  which  is  owing  to  their  being  absorbed  by  the  air;  and, 
secondly,  that  species  which  we  call  boiling  and  which  is  performed  inde- 
pendently of  the  air. 
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Dr.  CuUen  has  sufficiently  proved  that  most  if  not  all  fluids  generate 
cold  by  the  first  species  of  evaporation.  There  is  also  a  circumstance  daily 
before  our  eyes  which  shews  that  water  generates  cold  by  the  2nd 
species  of  evaporation. 

It  is  well  known  that  water  as  soon  as  it  begins  to  boil  continues  exactly 
at  the  same  heat  till  the  whole  is  boiled  away,  which  takes  up  a  very  con- 
siderable time.  No  reason,  however,  can  be  assigned  why  the  fire  should 
not  continually  communicate  as  much  or  nearly  as  much  heat  to  it  after 
it  begins  to  boil  as  it  did  when  it  wanted  not  many  degrees  of  boiling,  and 
yet  during  all  this  time  it  does  not  grow  at  all  hotter.  This,  I  think,  shews 
that  there  is  as  much  heat  lost,  or,  in  other  words,  as  much  cold  generated 
by  the  evaporation  as  there  is  heat  communicated  to  it  by  the  fire.  Thus, 
when  the  water  is  heated  to  the  boiling-point,  then  as  fast  as  it  receives 
heat  from  the  fire  there  is  immediately  so  much  of  the  water  turned  into 
steam  as  is  sufficient  to  produce  as  much  cold  from  the  fire,  so  that  the 
water  is  prevented  from  growing  hotter,  and,  moreover,  will  not  be  intirely 
evaporated  till  it  has  received  as  much  heat  from  the  fire  as  there  is  lost 
by  tiuTiing  the  whole  of  the  water  into  steam.  Whereas  if  no  cold  was 
produced  by  the  evaporation,  the  water  should  either  grow  hotter  and 
hotter  the  longer  it  boiled,  or  else  it  should  be  intirely  converted  into 
steam  inunediately  after  it  arrived  at  the  boiling-point. 

Perhaps  it  may  be  said  that  the  cause  of  this  phenomenon  is  that  the 
steam  is  hotter  than  the  boiling  water,  and  by  that  means  carries  off  the 
heat  communicated  to  it  by  the  fire.  This,  however,  is  by  no  means  the 
case,  as  I  have  found  by  experiment  that  the  steam  is  not  at  all  hotter  than 
the  water  it  proceeds  from.  This  I  tried  by  putting  a  thermometer  into 
a  vessel  of  water  inclosed  on  all  sides,  except  a  chimney  to  carry  off  the 
steam,  the  thermometer  being  placed  so  that  very  little  of  the  5  appeard 
out  of  the  vessel,  when  I  found  that  the  5  rose  very  nearly,  but  not  quite 
to  so  great  a  height  when  the  quantity  of  water  was  not  sufficient  to  reach 
up  to  the  ball  of  the  thermometer  as  when  it  rose  a  little  above  it.  But 
when  the  water  was  enough  to  rise  a  great  way  above  the  ball  then  the  ^ 
rose  sensibly  higher. 

To  understand  this,  it  must  be  observed  that  the  water  near  the  bottom 
of  the  vessel  will  require  more  heat  to  make  it  boil  than  that  above  it, 
as  being  pressed  by  a  greater  weight.  Now  in  all'probabiUty  the  water  in 
all  parts  of  the  vessel  is  heated  precisely  to  that  degree  which  is  required 
to  make  it  boil,  for  it  cannot  be  heated  higher  as  in  that  case  it  would  be 
instantly  tumd  into  steam  and  if  the  water  boils  pretty  fast  it  is  not  likely 
that  it  should  anywhere  be  of  a  less  heat  than  that.  Consequently  that 
part  of  the  water  adjoining  to  the  ball  of  the  thermometer  would  be  a 
little  hotter  when  the  water  rose  a  good  deal  higher  than  the  ball  than  when 
it  rose  but  a  little  above  it.  As  the  thermometer  rose  very  near  as  high 
when  exposed  to  the  steam  as  when  the  water  rose  very  little  above  it. 
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the  steam  seems  to  be  precisely  of  the  same  heat  as  the  surface  of  the 
boiling  water. 

For  the  same  reason  we  may  conclude  that  all  other  liquors  and  also 
all  solid  bodies  which  are  capable  of  being  volatilized  generate  cold  by  being 
changed  into  an  elastic  fluid  or  vapor,  for  there  is  no  substance  but  what 
takes  up  a  great  deal  of  time  after  it  begins  to  distil  strongly  before  it  is 
all  driven  over. 

I  made  some  exper.  on  this  principle,  namely  by  heating  some 
water  over  a  lamp  and  finding  how  fast  the  water  heated  before  boiling 
and  how  long  it  was  a  given  quantity,  for  determining  the  quantity  of 
cold  produced  by  water  in  boiling  all  away  [sic). 

The  apparatus  is  represented  in  the  annexed  figure,  where  A  \s  a.  tin 
bottle  for  boiling  the  water  in, 

the  same  that  was  used  in  the         w  ,  c, 

foregoing  experiments.  B  \s  a 
spirit  lamp  furnished  with  seven 
small  wicks :  bbb  are  the  wicks. 
CD  is  a  bra-ss  plate,  the  use  of 
which  is  to  prevent  the  spirits 
in  the  lamp  from  being  so  much 
heated  by  the  flame  as  they 
would  otherwise  be  and  EFGH 
is  a  tin  frame  surrounding  the 
bottle  and  serving  to  keep  in 
the  heat.  A  thermometer  was 
kept  in  the  water  all  the  while 
it  was  heating,  and  the  space 
left  between  the  mouth  of  the 
bottle  and  stem  of  the  ther- 
mom.  stopped  up  to  prevent 
evaporation.  When  the  water 
was  near  boiling  the  therm. 
was  taken  out  and  the  mouth 
stopt.  up  again,  all  but  a  sufficient  hole  to  suffer  the  steam  to  escape. 

The  results  of  the  exper.  are  as  follows.  The  bottle  heated  by  4  wicks 
of  the  lamp.    [See  Table  on  following  page.] 

The  weight  of  the  water  before  heating  was  15-696  oz.,  it  was  taken  off 
the  lamp  at  i"^*  40™-  IS*"  and  was  then  found  to  have  lost  1*469  in 
boiling. 

It  must  be  observed  that  on  account  of  the  length  of  the  tube  of  the 
therm,  which  was  out  of  the  bottle  the  heat  wliich  was  called  195° 
was  in  reality  about  [i]96°-i ;  that  which  was  called  165^  was  i6^°-y  and  95° 
was  really  what  it  appeard  to  be.  Therefore,  if  we  judge  by  the  time  in 
wliich  the  water  rose  from  95"  to  195°,  the  quantity  of  heat  communicated 
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o    55      2 
56      5 
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to  the  water  in  seconds  was  just  sufficient  to  raise  it  1°;  if  we  judge  by 
the  time  in  which  it  rose  from  165^  to  195^  the  heat  communicated  to  it  in 
was  just  sufficient  to  raise  it  1°.  From  the  rate  at  which  the  water 
heated,  I  think  we  may  conclude  that  it  b^;an  to  boil  at  i.  20. 22  conse> 
quently  it  continued  boiling  19"*  53*-.  If  we  suppose  that  the  lamp 
conununicated  as  much  heat  to  the  water  while  boiling  as  it  did  before, 
and  if  we  estimate  that  from  the  time  in  which  it  rose  from  95°  to  195°,  it 
follows  that  the  heat  lost  by  converting  1-469  of  water  into  steam  was 
as  much  as  would  raise  15*696  of  ^-ater  degrees  by  the  thermom. 
Consequently  there  is  as  much  heat  lost  by  con\'^rting  any  quantity  of 
water  into  steam  as  is  sufficient  to  raise  that  quantity  of  water  982°,  or, 
in  other  words,  there  are  982*^  of  cold  generated  by  converting  water  into 
steam.  If  we  estimate  the  quantity  of  heat  communicated  to  the  water  by 
the  time  in  which  it  rose  from  165°  to  195°  the  quantity'  of  cold  produced 
is  960°. 

Exp.  2.   Repeated  in  the  same  manner. 

Exp.  3.  Tried  in  the  same  manner  except  that  the  water  was 
heated  by  7  ^icks. 

Exp.  4.  Tried  in  the  same  manner  except  that  the  water  was 
heated  by  only  2  wicks. 

Exp.  4  [5?1.  The  water  being  heated  with  4  wicks  but  the  cover 
EFGH  being  taken  off. 

I  have  been  informed  that  Dr.  Black  has  observed  that  in  distilling 
water,  the  water  in  the  worm-tube  is  heated  thereby  much  more  than  it 
would  be  by  mixing  with  it  a  quantity  of  boiling  water  equal  to  that  which 
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passes  through  the  worm.  Upon  this  principle  I  made  some  experiments 
to  determine  how  much  heat  is  generated  by  converting  water  from  the 
state  of  an  elastic  to  that  of  a  non-elastic  fluid. 

The  still  used  in  these  experiments  was  of  copper  of  the  usual  shape 
and  held  about  oz.  or  gallons.  The  worm-tub  was  coverd  with  a 
wooden  cover  made  to  fit  close  by  means  of  list :  it  had  a  hole  in  it  by  which 
I  could  let  down  a  thermom.  into  the  water  and  had  a  piece  of  wood 
fastend  to  it  by  which  I  could  stir  the  water  without  taking  off  the  cover. 
The  tub  held  upwards  of  2300  oz.  and  weighd  712-2:  the  worm  weighd 
269'5,  and  the  cover  and  stirrer  156.  The  thermom.  was  kept  in  the 
water  all  the  while  the  experiment  was  trying  and  care  was  taken  to  im- 
merge  it  to  such  a  depth  that  very  little  of  the  5  in  the  tube  should  reach 
above  the  cover. 


SKETCH    OF   THE   OTHER    EXPERIMENTS 

The  heat  produced  by  the  condensation  of  the  vapours  of  boiling  water 
by  a  mean  of  several  experiments  tried  in  the  foregoing  manner  was  about 
920°.  So  that  it  seems  likely  that  there  is  just  as  much  heat  produced  by 
the  condensation  of  steam  into  water  as  there  is  cold  by  the  changing  of 
water  into  steam. 

An  attempt  was  made  to  find  whether  any  cold  was  generated  by  the 
emission  of  fixed  air  in  dissolving  alcaline  substances  in  adds.  The  way  I 
tried  it  was  by  finding  how  much  more  heat  was  produced  by  saturating 
sope-leys  [potash  solution],  spirits  of  sal  ammoniac  made  with  lime 
[ammonia  solution]  and  lime  slaked  with  water  (all  which  substances  con- 
tain no  fixed  air)  with  spirit  of  salt  than  by  saturating  the  same  substances 
saturated  with  fixed  air;  that  is  solutions  of  pearl  ashes  [potassium 
carbonate],  the  mild  spirits  of  sal  ammoniac  [ammonium  carbonate]  and 
whiting  [calcium  carbonate]  mixed  with  water  in  the  same  acid.  By  a 
comparison  of  the  experiments  it  seemed  that  the  cold  generated  by  the 
emission  of  the  fixed  air  was  sufficient  to  heat  a  quantity  of  water  equal 
in  weight  to  the  fixed  air  emitted  about  1000  or  1700  degrees. 
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EXPERIMENTS  TO  SHOW  THAT  BODIES  IN 
CHANGING  FROM  A  SOLID  STATE  TO  A 
FLUID  STATE  PRODUCE  COLD  AND  IN 
CHANGING  FROM  A- FLUID  TO  A  SOLID 

STATE  PRODUCE  HEAT 

With  regard  to  water  and  ice  this  may  be  proved  by  the  same  kind  of 
argument  as  was  used  in  page  34  [of  the  MS.]  from  the  long  time  required 
to  thaw  ice  or  to  freeze  water.  There  is  also  a  very  curious  experiment  (I 
believe  of  Mairan's^)  which  shews  that  heat  is  produced  by  the  freezing 
of  water.  Put  a  thermometer  into  a  vessel  of  water,  shut  it  up  close  from 
the  air,  and  expose  it  to  the  cold.  It  will  bear  cooling  some  degrees  below 
the  freezing  point  without  freezing:  then  on  agitating  the  water  it  will 
begin  to  freeze  and  the  thermometer  in  it  will  immediately  rise  to  the 
freezing  point. 

It  is  evident  according  to  this  hypothesis  that  on  the  water  beginning 
to  freeze,  the  thermometer  in  it  ought  to  rise  and  should  continue  to  rise 
to  the  freezing  point  unless  the  water  was  coold  so  much  below  the 
freezing  point  as  to  harden  into  solid  ice  before  it  was  heated  up  to  the 
freezing  point,  and  it  is  evident  that  it  ought  not  to  rise  higher  than  the 
freezing  point  for  when  it  is  come  to  that  point  the  water  will  cease  to 
fr'eeze. 

What  is  the  cause  that  water  bears  to  be  coold  below  the  freezing 
point  and  then  immediately  begins  to  freeze  on  agitating  it  or  dropping 
a  little  bit  of  ice  into  it,  etc.  ?  I  do  not  at  all  know,  but  there  are  many  other 
instances  in  nature  of  things  of  a  like  kind. 

I  made  an  experiment  to  determine  the  quantity  of  cold  produced  by 
the  changing  of  snow  into  water.  It  was  done  by  dissohong  a  given  quan- 
tity of  snow  in  warm  water.  The  cold  produced  seemed  to  be  about 
170  degrees*.  There  seemed  no  difference  between  the  cold  produced  by 
snow  and  by  the  same  quantity  of  ice. 

It  is  well  known  that  on  mixing  salt  or  many  other  substances  with 
snow  or  ice  the  snow  dissolves,  and  a  great  increase  of  cold  is  produced. 
There  can  be  no  doubt  that  this  increase  of  cold  is  owing  to  the  melting 
of  the  snow.  I  made  some  experiments  to  determine  the  quantity  of  cold 
produced  by  mi.xing  snow  wth  the  following  substances;  namely,  a  solution 
of  sea-salt,  a  solution  of  pearl  ashes,  spirit  of  wine  and  aqua  fortis.   The 

^  [M.  de  Mairan  was  Secretary  of  the  French  Academy  and  wrote  a  number  of 
philosophical  treatises;  among  them  Dissertations  on  Ice.  on  Phosphori,  and  on  the 
Aurora  Borealis.   He  died  in  1771,  aged  93.] 

*  [This  is  a  fair  approximation  to  the  truth.] 
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quantity  of  cold  generated  was  not  very  different  from  that  produced  by 

dissolving  snow  in  warm  water. 

I  find  also  that  cold  is  generated  by  the  melting  and  heat  by  the  harden- 
ing of  spermaceti.  The  cold  produced  by  the  melting  of  spennaceti  is  suffi- 
cient to  cool  a  quantity  of  water  equal  to  it  in  weight  about  70  degrees,  and 
nearly  the  same  degree  of  heat  is  pi  oduced  by  the  hardening  of  spermaceti. 
It  was  tried  by  putting  cold  spermaceti  into  hot  water  and  hot  spermaceti 
info  cold  water.  Spermaceti  in  cooling  loses  its  fluidity  at  the  heat  of  about 
115°^.  There  is  very  little  difference  between  the  heat  at  which  it  ceases  to 
be  perfectly  fluid  and  that  at  which  it  begins  to  be  not  at  all  fluid. 

[Addendum.]  Heat  with  which  bees-wax  melts.  Therm,  being  im- 
mersed in  melted  bees-wax  and  kept  constantly  stirred  about,  the 
timefs]  by  the  watch  at  which  it  arrived  at  different  heats  were  as  follows: 
heat  of  room  supposed  near  60°. 
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Began  to  harden  round  edge? 


142  +  I  A  great   deal   hardend,  remainder 
rather  of  a  syropy  consistence 


Much  the  greatest  part  hardend,  re- 
mainder of  consist,  of  very  thick  syrop 

Some  Tin  and  Lead  were  melted  separately  in  a  crucible  and  a  thermo- 
meter put  into  them  and  sufferd  to  remain  there  till  they  were  cold.  The 
thermometer  coold  pretty  fast  till  the  metal  began  to  harden  round  the 
edges  of  the  pot.  It  then  remained  perfectly  stationary  till  it  was  all  con- 
gealed, which  took  up  a  considerable  time.  It  then  began  to  sink  again. 
On  heating  the  metal  with  the  thermometer  in  it,  as  soon  as  the  metal 
began  to  mett  round  the  sides,  the  thermometer  became  stationary  as  near 
as  I  could  tell  at  the  same  point  that  it  did  in  cooling  and  remaind  so  till 
it  was  intircly  melted. 

On  putting  a  thermometer  into  melted  bismuth,  the  phenomena  were 
the  same,  except  that  the  thermometer  did  not  become  stationary  till  a 
good  deal  of  the  metal  was  hardend,  unless  I  took  care  to  keep  the  thermo- 

'  [Spermaceti  melts  between  rofi"  and  120°  F.,  depending  on  its  purity.) 

-  [Beeswax  melts  Iwtween  144' and  151"  and  solidifies  between  142°  and  146"  F. 
Caveodish's  observations  are  therefore  accurate] 
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THOUGHTS   CONCERNING   THE   ABOVE    MENTIOND 
PHENOMENA 

There  are  several  of  the  above  mentiond  experiments  which  at  first 
seemd  to  me  very  difficult  to  reconcile  with  Newton's  theory  of  heat,  but 
on  further  consideration  they  seem  by  no  means  to  be  so.  But  to  under- 
stand this  you  must  read  the  following  proposition. 

[  THE   END  ] 


BOILING   POINT   OF   WATER 

At  the  Royal  Society,  April  i8,  1766 

Experiments  made  to  determine  how  much  the  height  of  the  boiling 
point  is  affected  by  the  water  boiling  fast  or  slow,  or  by  the  bulb  being 
immersed  in  the  water  or  only  exposed  to  the  steam  when  the  whole 
thermometer,  except  a  small  part  of  the  tube  near  the  boiling  point,  is 
inclosed  in  a  vessel  of  water  shut  up  in  such  a  manner  as  to  leave  no  more 
passage  than  what  is  necessary  to  carry  off  the  steam  and  consequently 
when  almost  all  the  5  in  the  tube  is  nearly  at  the  same  heat  as  that  in  the 
ball.  The  experiments  tried  first  by  a  very  quick  thermometer  with  a  cylin- 
drical bulb  about  2\  inches  long,  the  top  of  the  bulb  about  6  inches  below 
the  boiling  point.  The  brass  scale  to  it  being  divided  to  20ths  of  an  inch 
and  fumishd  with  a  nonius.  1*175  inches  on  the  scale  answering  to  3" 
on  the  thermometer,  or  i  inch  being  equal  to  2-55  degrees. 


The  water  reaching  not  quite  to  the 

bottom  of  the  cy Under  and  boiUng 
The  top  of  the  cylindrical  bulb  barely 

coverd  with  water  boiling 

The  first  column  is  the  division  on  the  scale  which  the  thermometer 
stood  at ;  the  2nd  is  the  difference  of  height  expressed  in  degrees,  the 
mark  +  signifying  that  it  stood  liigher.  For  example,  it  stood  -^  of  a  degree 
higher  when  just  immersed  in  the  water  and  boiling  gently  than  when  not 
at  all  immersed  and  boiling  gently. 

Experiments  of  the  same  kind  made  with  another  thermometer,  the  ball 
of  which  is  15  inches  or  about  250  degrees  below  the  boiling  fwint.  A  small 

'  It  is  not  owing  to  any  mistake  in  writing  it  down  tliat  the  5  appears  to  stand  a 
little  lower  when  the  water  boild  fast  than  when  slow,  as  it  was  taken  notice  of  at  the 

time  as  extraordinary. 


Division 

p  flerence 

on  scale 

degrees 

Jvery  gently 

1-43 

o 

1  pretty  fast 

1-425 

+ 

•013 

fgenUy 

I-2Z 

+ 

■54 

Ifasteri 

1-255 

+ 

■45 

!•■ 


1*1 
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brass  scale  divided  t<»  40ths  of  an  inch  being  fastend  to  the 
the  alterations  <^f  the  ht-ight  of  tht-  l>oiling  point.  lo  defirren-s  *: 
mtttT  are  equal  t«»  ii  di\'isi<>ns  on  tlu-  scale.  lyi\-sL 

on  ^^ 

The  ball  dipt  a  little  way  into  the  water  in  an  ^ 
open  vessel  tilled  almost  to  the  top  and  boiling  mod-  from  j 

erately,  the  tube  held  inclined  so  as  to  be  as  little  to  \ 

heated  as  possible  by  the  steam  of  the  water  \ 

Tried  in  a  close  vessel  like  that  in  which  the  former  j 
thermometer  was  tried,  only  deeper,  namely  23  inches, 
^^^th  only  ',  or  4  inches  of  water  in  it,  so  that  the  ball 
was  out  of  water  / 

The  water  rising  3  inches  above  the  ball  and  boiling  ^        ^ 

The  water  rising  about  13  inches  above  the  ball  and    gently  12 
boiling  faster    13 

The  first  <jf  these  thermometers  was  tried  by  me  on  April  i 
manner  as  above  related. 


ic 


I  Tried  in  the  pot  23  inches  deep  water  about  even , 

i  Ij  wth  the  top  of  the  cyhnder  of  the  thermometer  or  ^        ^  ^'Z^ 

I  '■  19  inches  deep  and  boiling  \  "^^ 

!\  Tried  in  the  same  pot  with  little  water  in  it  and  ] 

.  ^  rnn^pniipntlv  thp  rvlinHpr  a  CTpat  hpi^ht  above  the  s  ^  ^        ^"T' 


consequently  the  cylinder  a  great  height  above  the 
water  boiling  j 


I      I  In  the  shallow  pot  or  that  in  which  it  was  tried  on  \  gently  1-37 


April  18.  Water  just  covering  cylinder.  Water  boiling    faster    1-34' 

In  the  same  pot  with  the  cylinder  intirely  out  (gently  x-53 
of  the  water:  water  boiling  'fast  ly* 

N.B.  If  the  chimney  was  uncoverd  the  thermometer  inun^ 
several  degrc*es  and  rose  to  the  same  point  as  before  on  puttin 

Tried  again  the  deep  pot  water  rising  a  little  above 
the  top  of  the  cylinder  and  boiling  fast  1*32 

The  same  pot :  water  rising  2\  inches  above  the  top 
of  the  cylinder  and  boiling  fast  1*32 

The  2nd  of  these  thermometers  had  also  been  tried  on 
piece  of  paper  with  divisions  on  it  answering  to  d^rees  being  c 
tube.  Tried  in  the  deepnpot. 


Water  not  rising  so  high  as  the  ball  and  boiling     -  j        ^     ^"^ 
Water  rising  a  little  above  the  ball  and  boiling       -^        ^     ^"5 
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+  -53  or 
2-7  -57 

It  appears  from  hence  that  if  the  vessel  in  which  the  thennometer  is 
kept  is  sufficiently  dose: 

First,  there  is  scarce  any  sensible  difference  in  the  height  whether  the 
water  boils  fast  or  slow, 

2nd.  The  thermometer  stands  about  \  a  degree  lower  if  the  ball  is 
exposed  only  to  the  steam  than  if  it  is  immersed  a  little  way  in  the  water. 

3rd.  When  the  ball  is  exposed  only  to  the  steam  there  is  no  sensible 
difference  whether  it  is  raised  a  great  way  above  the  surface  of  the  water  or 
but  a  little. 

4th.  It  stands  about  J  a  degree  higher  when  the  ball  is  12  inches 
below  the  surface  of  the  water  than  when  it  is  very  little. 

5th.  It  stands  rather  higher  if  there  is  a  great  depth  of  water  below 
the  ball  than  if  there  is  but  little  supposing  the  ball  to  be  immersed  in  the 
water  to  the  same  depth  in  both  cases. 

Trials  of  boiling  point  of  different  Ikermometers  at  Royal  Society 


A  thermometer  of  Bird  marked  S 

„  of  Adams 

„  of  Naime 

„  of  Bird  marked  SS 

Large  one  of  Ramsden's  unfinished] 
largest  ball  bott.  mark  ) 

Bird's  without  mark 
Naime's  No.  5 
—      No.  3 
Ramsden's  Mr  C. 


15 


-40 

213 

2I3i 

-  10 

213  + 

-  20 

212 

213  + 

-30 

"Zi^ 

-70 

2i5i 

-50 

2i3i 

0 

2.2J 

mean  213-1 

Therm,  in         D° 
Bar.  in  garden  supposed 
Therm,  in         D" 


i6i 
12-5 
30-12 
lend       30-11 
5S 
-30-1 
-69 

By  means  of  all  thermometers  height  212°  is  same  as  if  it  had  been 
adjusted  in  steam  when  bar.  was  29-41. 

[This  little  paper  is  of  interest,  not  only  from  the  intrinsic  importance 

of  the  subject,  which  at  that  period  in  the  history  of  thermometry  was,  of 

course,  considerable,  but  also  as  an  illustration  of  a  custom  which  was  then 

rapidly  dying  out,  namely  for  the  Fellows  to  make  experiments  in  common 

'  The  5  was  unsteady,  dancing  slowly  up  and  down. 


354  Unpublished  Papers 

in  the  Apartments  of  the  Royal  Society — one  of  their  number  being  ap- 
pointed to  undertake  the  manipulative  part,  the  operator  in  this  particular 
case  being  Cavendish.  In  the  early  days  of  the  Society  this  experimenting 
in  common  was  the  usual  practice,  more  importance  being  attached  to  it 
than  to  the  communication  and  reading  of  papers. 

The  "trials"  in  this  case  had  their  origin,  probably,  in  an  attempt  to 
elucidate  the  cause  of  the  difference  in  the  indications  of  thermometers 
made  by  the  best  "artists"  of  tliat  time,  and  which  was  suspected  with 
good  reason  to  be  due  to  a  diversity  of  practice  in  determining  the  upper 
fixed-point.] 

THEORY  OF  BOILING 

There  are  2  species  of  evaporation:  ist  that  which  is  performed 
with  a  less  heat  than  that  of  boiling  water;  and  2ndly  that  which  is 
called  boiling. 

The  first  species  of  evaporation  is  owing  intirely  to  the  action  of  the  air, 
and  has  been  very  well  explained  by  Mr.  Le  Roy,  who  has  shewn  that  air 
is  capable  of  dissolving  a  certain  quantity  of  water,  just  as  water  does  salt ; 
and  that  when  it  has  acquired  that  quantity,  it  is  incapable  of  dissolving 
more;  and  that  the  quantity  which  it  can  dissolve  is  different  according  to 
its  heat.  It  follows  from  hence  that  water  must  evaporate  very  slowly  in 
vessels  almost  closed  or  communicating  with  the  outer  air  only  by  a  long 
narrow  pipe,  unless  it  is  heated  enough  to  boil.  For  when  the  air  within 
the  vessel  has  absorbed  as  much  water  as  it  can  dissolve,  no  more  can 
evaporate  till  some  more  of  that  air  is  changed  for  fresh. 

The  2nd  species  of  evaporation  or  boiling  may  be  performed  without 
any  assistance  from  the  air.  Its  phenomena  seem  to  depend  on  4  prin- 
ciples. First,  that  water  as  soon  as  it  is  heated  ever  so  little  above  that 
degree  of  heat  which  is  acquired  by  the  steam  of  water  boiling  in  vessels 
closed  as  in  the  experiments  tried  at  the  Royal  Society,  is  immediately 
turned  into  steam,  provided  it  is  in  contact  either  with  steam  or  air:  this 
degree  I  shall  call  the  boiling  heat,  or  boiling  point.  It  is  evidently  different 
according  to  the  pressure  of  the  atmosphere,  or  more  properly  to  the 
pressure  acting  on  the  water. 

But  2ndly,  if  the  water  is  not  in  contact  with  steam  or  air,  it  will 
bear  a  much  greater  heat  without  being  changed  into  steam,  namely  that 
which  Mr.  De  Luc  calls  the  heat  of  ebullition. 

3rdly,  steam  not  mixed  with  air  as  soon  as  it  is  coold  ever  so  Uttle 
below  the  degree  of  heat  acquired  by  the  steam  of  water  boiUng  in  vessels 
closed  as  above-mentiond  is  immediately  turned  back  into  water. 

4th.  There  is  a  great  quantity  of  heat  lost  by  the  changing  of  water  into 
steam ;  and  a  great  quantity  of  heat  acquired  by  the  condensing  of  steam 
into  water. 
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My  father  many  years  ago  made  some  experiments  wliich  seem  not  only 
to  prove  the  truth  of  the  1st  and  3rd  principles,  but  also  to  show  the  heat 
of  the  boiling  point  answering  to  much  smaller  pressures  of  the  atmosphere 
than  call  be  found  otherwise.  Namely,  he  took  a  barometer  with  a  ball 
at  top  and  filled  it  well  with  5 ;  he  then  introduced  into  it  a  small  quantity 
of  water  well  purged  of  air;  on  which  the  surface  of  the  5  immediately 
stood  considerably  lower  than  it  did  before ;  though  on  inclining  the  tube 
so  that  the  5  rose  into  the  ball,  the  bubble  of  air  left  was  very  little  greater 
than  before  the  introduction  of  the  water.  The  surface  of  the  5  was  not 
sensibly  more  depressed  when  the  quantity  of  water  introduced  was  large 
than  when  it  was  just  visible,  after  making  allowance  for  the  weight  of 
the  water,  and  was  always  the  same  in  the  same  heat  of  the  air,  but  was 
very  different  in  different  heats ;  namely,  when  the  air  was  at  78°  it  was 
0-92  of  an  inch;  when  at  30°  only  o-i6[']. 

It  appears  from  hence  that  when  the  pressure  of  the  atmosphere  on 
water  is  diminbhed  to  a  certain  degree  (which  is  different  according  to  the 
heat  of  the  water)  it  is  immediately  turned  into  steam,  provided  its  con- 
tinuity is  broke,  that  is,  provided  it  is  in  contact  with  steam  or  air ;  and  is 
immediately  reduced  back  to  water  on  restoring  or  increasing  the  pressure. 
Or,  in  other  words,  that  whenever  the  heat  of  the  water  is  increased  ever 
so  Uttle  above  a  certain  degree  {which  degree  is  different  according  to  the 
pressure  of  the  atmosphere)  it  is  immediately  turned  into  steam;  and  is 
immediately  restored  back  to  its  former  shape  on  diminishing  the  heat. 
My  father  never  tried  this  experiment  with  greater  heats  than  those  of  the 

>  [Among  the  Chatsworth  MSS.  is  an  interpolation  table  calculated  by  Cavendish, 
from  the  results  of  measurements  made  in  conjunction  with  his  father  on  the  Ten- 
sion of  Aqueous  Vapour,  and  which  are  referred  to  above.  They  appear  to  have  heea 
made  about  1737  and  are  based  upon  a  Dumber  of  observations  over  a  considerable 
range  of  atmospheric  temperature  and  probably,  therefore,  at  various  seasons  of  the 
year.  The  following  excerpt  from  the  table  shows  the  values  as  compared  with  the 
observations  of  Dalton  and  Regnault  at  the  corresponding  temperatures,  and  affords 
evidence  of  their  degree  of  accuracy.] 

Cotnparison  of-Lord  Charles  Cavendish's  observations  on  Vapour  Tension  of 
Aqtteous  Vapour  with  those  of  Dalton  and  Regnaull. 
TensioD  Id  inches  of  Mercury 
Lord  C,  Cavendish     Dalton  Regnault 
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atmosphere ;  so  that  though  there  was  the  utmost  reason  to  think  that  this 
heat  at  which  water  was  turned  into  steam  was  the  same  as  that  acquired 
by  the  steam  of  water  boiling  as  above  mentiond,  yet  there  was  no  very 
direct  proof  of  it.  But  since  the  writing  of  this  paper  I  have  made  an  experi- 
ment, which  I  think  puts  the  matter  out  of  doubt. 

AbBG  is  a  bent  glass  tube  of  the  size  of  an  ordinary  barometer  tube, 
with  two  balls  A  and  B,  each  about 
i\  inch  in  diameter.  The  ball  A  and 
the  tube  as  far  as  6  is  filled  with  5?, 
with  a  little  water  in  the  ball  A, 
This  glass  is  exposed  to  the  steam  of 
boiling  water,  or  to  the  water  itself 
in  the  glass  vessel  CED,  coverd  with 
the  tin  cover  CD,  with  a  chimney  F; 
the  tube  BG  being  passed  through  a 
hole  in  the  cover  and  secured  with 
cork ;  and  some  woollen  cloth  being 
placed  between  the  cover  and  the  top 
of  the  glass  vessel  to  make  it  fit  the 
closer. 

The  event  was  that  when  the 
balls  were  raised  above  the  surface 
of  the  water,  so  as  to  be  exposed 
only  to  the  steam,  that  then  on  giving 
the  apparatus  a  little  shake,  so  as 
to  break  the  continuity  of  the  water 
in  the  ball,  the  5  descended  pretty 
quickly  but  not  instantaneously,  till  it  stood  pretty  exactly  on  a  level  in 
the  2  balls,  where  it  remaind  as  long  as  the  water  continued  boiling. 
Rut  if  the  balls  Mvro  sunk  below  the  surface  of  the  water,  the  surface  of 
the  5  in  the  inner  ball  A  stood  ^  or  ^  below  that  in  the  ball  B. 

The  circumstance  of  the  gradual  sinking  of  the  5  in  this  experiment 
Sivms  at  first  to  disagree  wth  that  part  of  the  first  principle,  which  says 
that  as  soon  as  the  ^*ater  is  heated  above  the  boiling  point  it  is  immediately 
tiumed  into  steam.  But  in  reality  it  does  not ;  for  as  soon  as  any  part  of 
the  ^"ater  is  turned  into  steam,  the  remainder  must  (by  the  4th  jMin- 
ciple)  be  coold  thereby;  and  consequently  no  more  can  be  turned  into 
steam  till  it  has  receiN-ed  so  much  heat  from  the  steam  or  water  surrounding 
the  ball  A  as  to  make  up  that  loss. 

This  experiment  shoe's  also,  that  the  heat  at  which  in  my  father's 
exfjeriments  the  5  in  the  barometer  is  depressed  a  gi\^n  depth,  is  the  true 
heat  which  the  steam  of  \%*ater  boiling  in  x'essels  closed  as  abox'e-mentiond, 
would  acquire  when  jH^essed  by  that  ^"eight  of  the  atmosf^re.  Suppose, 
for  example,  that  when  the  heat  is  61"^,  the  3  in  a  barometer  with  a  little 
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water  at  top  stands  J  an  inch  lower  than  in  one  well  filled,  as  is  really  the 
case;  it  follows  that  if  it  was  possible  to  try  the  heat  of  boiling  water  in  a 
place  where  the  pressure  of  the  atmosphere  was  only  J  an  inch,  the  steam 
would  be  found  (supposing  the  vessels  to  be  closed  as  above  mentiond) 
to  acquire  a  heat  of  only  6i°. 

In  the  above-mentiond  experiment  the  water  in  the  ball  A  was  partly. 
but  not  imperfectly,  purged  of  air;  so  that  though  a  small  shake  was 
sufficient  to  break  its  continuity,  yet  as  the  quantity  of  water  in  the  ball 
was  small,  and  as  that  was  deprived  of  great  part  of  its  air.  the  quantity 
of  air  in  it  bore  an  extreamly  small  proportion  to  the  capacity  of  the  ball; 
I  think  I  may  safely  say  not  more  than  j^^  part.  This  I  found  by  putting 
the  ball  into  cold  water  as  soon  as  it  was  taken  out  of  the  steam,  so  as  to 
cool  it  as  expeditiously  as  possible,  and  consequently  so  as  to  leave  as 
little  time  for  the  air  to  be  absorbed  as  possible,  and  then  before  it  was  quite 
cold,  measuring  the  diameter  of  the  bubble. 

But  I  made  another  experiment  with  a  much  greater  quantity  of  air  in 
the  ball,  namely  such  that  its  bulk  when  cold  was  about  ^  part  of  the 
space  occupied  by  the  vapour  in  the  ball.  I  then  found  that  when  the  appar- 
atus was  exposed  to  the  steam  of  the  boiling  water,  the  2  in  the  ball  A 
was  depressed  i^'^  inch  below  the  level.  It  appears,  therefore,  that  in  this 
case  the  change  of  the  water  into  steam  was  so  much  assisted  by  the 
absorption  of  the  air  that  it  was  turned  into  steam,  though  the  pressure 
was  too  great  by  1^%  inch  to  have  sufferd  it  to  acquire  that  form  without 
the  assistance  of  the  air. 

In  this  experiment  the  quantity  of  air  was  found  in  a  more  exact 
manner;  namely  I  pourd  in  2  till  it  rose  above  the  ball  B  into  the  tube 
BG ;  and  then  foimd  how  much  the  surface  of  the  5  in  the  tube  was  depres- 
sed by  extricating  the  air. 

The  truth  of  the  3rd  principle  is  confinned  by  the  experiment  men- 
tiond in  the  report  of  the  Committee,  p.  823  for  year  I777[^];  namely 
that  the  heat  of  the  steam  in  a  pot  27  inches  deep  and  4J  in  diameter  was 
not  sensibly  greater  near  the  surface  of  the  water,  than  near  the  top  of  the 
pot,  that  is  at  more  than  18  inches  above  the  surface.  For  if  the  steam 
could  bear  a  less  heat  than  that  shewn  in  this  experiment  without  being 
condensed  into  water,  the  steam  at  the  top  of  the  pot  could  hardly  fail 
of  being  cooler  than  that  in  the  lower  part ;  whereas  if  this  principle  is  true, 
this  circumstance  is  not  at  all  extraordinary;  for  while  there  is  any  steam 
remaining  uncondenscd,  it  must  be  as  hot  [as]  at  the  boiling  point. 

As  steam  appears  to  be  incapable  of  sustaining  a  degree  of  heat  at  all 
less  than  what  I  call  the  boiling  point,  or,  in  other  words,  as  it  is  condensed 

'  IThc  Report  of  the  Committee  appointed  by  the  Royal  Societv-  to  consider  of 
the  Best  Method  of  Adjusting  the  Fixed  Points  of  Thermometers;  and  o(  the  Pre- 
cautions necessary  to  be  used  in  making  Rxperiments  with  those  Instruments.  Fhil. 
Trans.  Vol.  lxvii.  1777.  816.] 
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into  water  the  instant  it  is  coold  ever  so  little  below  that  point;  so  in  like 
manner  it  seems  reasonable  to  suppose  that  water  whose  continuity  is  broke 
is  incapable  of  sustaining  a  heat  at  all  greater  than  the  boihng  point,  or  that 
it  is  turned  into  steam  the  instant  it  is  heated  at  all  above  that  point. 

The  truth  of  the  2nd  principle  has  been  sufficiently  established  by 
Mr.  De  Luc. 

As  to  the  4th  principle  Dr.  Cullen  has  sufficiently  proved  that  heat 
is  lost  or  cold  generated  by  the  first  species  of  evaporation ;  and  there  is  a 
circumstance  daily  before  our  eyes  which  shews  that  a  vast  deal  of  heat 
is  lost  by  the  2nd  species  of  evaporation.  It  is  well  known  that  water 
as  soon  as  it  begins  to  boil  continues  exactly  or  very  nearly  at  the  same  heat 
till  the  whole  is  evaporated,  which  takes  up  a  very  considerable  time.  No 
reason,  however,  can  be  assigned  why  the  fire  should  not  continually 
communicate  nearly  as  much  heat  to  it  after  it  begins  to  boil  as  when  it 
wanted  not  many  degrees  of  boiling;  and  yet  during  all  this  time  it  does 
not  grow  at  all  hotter.  From  hence  we  may  conclude  that  there  is  a  great 
deal  of  heat  lost  by  the  evaporation  to  compensate  that  communicated  to 
it  by  the  fire.  For  if  no  heat  was  lost  by  the  evaporation,  the  water  should 
either  grow  hotter  and  hotter  the  longer  it  boild,  or  else  it  should  be  intirely 
converted  into  steam  immediately  after  it  arrived  at  the  boiling  point. 

On  this  principle  I  made  some  experiments  to  determine  the  quantity  of 
heat  lost  by  evaporation ;  namely  by  heating  water  in  a  metal  vessel,  in 
the  form  of  a  bottle,  over  a  spirit  lamp  made  so  as  to  give  as  uniform  a  heat 
as  possible  and  finding  in  what  time  it  acquired  a  given  number  of  degrees 
of  heat  before  boiling  and  how  much  of  the  weight  was  lost  by  boiling  a 
given  time.  It  appeard  that  the  quantity  of  heat  lost  by  evaporation  was 
900  or  1000  degrees  of  Fahrenheit;  that  is  as  much  heat  was  lost  by 
evaporation  as  was  sufficient  to  cool  100  times  the  weight  of  water  evapor- 
ated 9  or  10  degrees. 

Dr.  Black  found  that  the  water  in  the  worm  tub  of  a  still  is  heated  much 
more  than  it  would  be  by  the  addition  of  a  quantity  of  boiling  water  equal 
to  that  distilled;  and  from  thence  computed  the  quantity  of  heat  generated 
by  the  condensation  of  steam.  I  am  not  acquainted  with  the  result  of 
his  experiment ;  but  I  repeated  it  myself  and  found  the  quantity  of  heat 
generated  to  be  about  900°.  So  that  there  seems  to  be  as  much  heat  gener- 
ated by  the  condensation  of  steam  as  there  is  cold  by  the  production  of  it, 
and  both  to  be  about  900°. 

From  some  experiments  I  have  made  the  quantity  of  heat  lost  by  the 
first  species  of  evaporation  seems  to  be  much  the  same  as  by  the  2nd  species. 

Mr.  De  Luc  has  also  given  a  very  clear  proof  that  heat  is  lost  by  the 
2nd  species  of  evaporation  in  Art.  1062. 

By  the  help  of  these  principles  the  chief  phenomena  of  boiling  water 
may  be  readily  explaind.  When  water  is  set  on  the  fire  and  begins  to  boil, 
the  lamina  of  water  in  contact  with  the  bottom  of  the  pot  is  heated  till 
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either  small  particles  of  air  are  detached  from  it,  or  till  bubbles  of  steam 
are  produced  by  ebullition.  As  tliese  particles  or  bubbles  ascend,  the  water 
in  contact  with  them,  if  at  all  hotter  than  the  boiling  point  is  immediately 
turned  into  steam. 

2ndly.  These  bubbles  during  their  ascent  through  the  water  can 
hardly  be  hotter  than  the  boiling  point;  for  so  much  of  the  water  which 
is  in  contact  with  them  must  instantly  be  turned  into  steam  that  by 
means  of  the  production  of  cold  thereby,  the  coat  of  water  next  to  the 
evaporated  coat  of  water,  and  which  thereby  comes  in  contact  with  the 
bubbles,  is  no  hotter  than  the  boiling  point;  so  that  the  bubbles  during 
their  ascent  are  continually  in  contact  with  water  heated  only  to  the 
boiling  point. 

3rdly.  Though  the  bubbles  of  steam  can  not  be  hotter  than  the  boiling 
point,  yet  the  water  in  general  may  be  considerably  hotter  and  most  likely 
almost  always  is  so  in  a  small  degree.  For  though  the  coat  of  water  im- 
mediately in  contact  with  the  bubbles  during  their  passage  is  not  hotter 
than  the  boiling  point,  yet  the  rest  of  the  water  has  not  time  to  communi- 
cate much  of  its  heat  to  that  coat  before  the  bubble  is  past.  For  this  reason 
when  the  water  boils  with  a  vast  number  of  small  bubbles  its  heat  ought  in 
general  to  exceed  the  boiling  heat  less  than  when  it  boils  with  large  bubbles 
succeeding  one  another  slowly. 

The  excess  of  the  heat  of  the  water  above  the  boiling  point  is  in- 
fluenced by  a  great  variety  of  circumstances.  The  quantity  of  air  in  the 
water  has  a  very  great  influence;  for  the  more  air  it  contains,  the  less  heat 
will  the  water  in  contact  with  the  bottom  be  capable  of  receiving,  and  the 
greater  number  of  bubbles  will  l)e  discharged.  It  is  this  which  seems  to  be 
the  reason  of  the  difference  between  water  t>eginning  to  boil  and  long 
boUd,  and  between  pump  water  and  rain  water. 

Rain  water  contains  only  a  small  quantity  of  air  and  that  common  air, 
much  the  greatest  part  of  which  is  discharged  before  the  water  begins  to 
boil.  But  pump  water  besides  this  contains  a  calcareous  earth  suspended 
[dissolved]  by  the  means  of  fixed  air;  and  the  calcareous  earth  detains  the 
fixed  air  in  such  manner  that  it  cannot  be  all  separated  without  a  vast  deal 
of  boiling. 

It  seems  likely,  I  think,  that  the  excess  of  the  heat  of  the  boiling  water 
above  the  boiling  point  should  be  greater  when  the  heat  is  less  violent  and 
applied  to  a  greater  surface  than  when  more  violent  and  applied  to  a  less 
surface;  and  also  when  the  application  of  the  heat  is  more  imiform,  like 
that  of  oil.  than  when  irregular  like  that  of  a  common  fire,  that  is  acting 
with  greater  intensity  on  one  pwint  than  another. 

4th.  It  was  before  said  that  the  bubbles  of  steam  at  their  issuing 
from  the  water  can  hardly  be  hotter  than  the  boiling  point,  and  that  if  the 
vessel  is  properly  closed,  as  in  the  experiments  at  the  Royal  Society,  the 
steam  can  nowhere  be  colder  than  that  point,  and  therefore  the  heat  of 
the  steam  must  be  the  same  in  all  parts  of  the  vessel. 


360  Unpublished  Papers 

5th.  From  what  has  been  said  it  should  seem  that  steam  must  afford 
a  considerably  more  exact  method  of  adjusting  the  boiling  point  than  water. 
I  do  not  see  indeed  any  cause  which  should  produce  an  alteration  in  the 
heat  of  the  steam  except  the  vessel  being  not  shut  sufficiently  close  and 
there  being  more  or  less  air  discharged  from  the  water.  To  understand 
this  it  must  be  considerd  that  air  is  capable  of  dissolving  a  certain  quan- 
tity of  water,  which  is  greater  the  greater  is  its  heat.  Now  it  seems  likely 
that  if  the  air  is  heated  almost  to  the  boiling  point,  it  may  be  capable  of 
absorbing  a  weight  of  water  many  times  greater  than  itself.  Suppose,  for 
example,  that  air  heated  to  within  ji  of  a  degree  of  the  boiling  point  is 
capable  of  dissolving  100  times  its  weight  of  water;  and  suppose  that  the 
quantity  of  air  discharged  from  the  boiling  water  is  jj^  part  of  the  weight 
of  the  steam;  or,  in  other  words,  that  the  vapours  discharged  consist  of 
I  part  of  air  to  100  of  steam,  I  think  it  seems  likely  that  so  much  more  of 
the  water  in  contact  with  the  bubbles  will  be  turned  into  steam  than  would 
be  if  no  air  was  discharged,  that  the  bubbles  and  coat  of  water  in  contact 
with  them  will  be  coold  i  of  a  degree  below  the  boiling  point,  instead 
of  being  exactly  of  that  heat,  as  they  would  otherwise  be ;  and  consequently 
the  heat  of  the  steam  in  all  parts  of  the  pot  will  be  ^  of  a  degree  below  the 
boiling  point^. 

As  to  the  heat  of  the  water,  it  will  be  less  on  2  accoimts:  ist  as  it 
will  approach  nearer  to  the  heat  of  the  bubbles  as  was  before  said;  and 
2ndly  as  the  heat  of  the  bubbles  will  be  less. 

If  the  cover  does  not  fit  close,  but  lets  in  a  little  air,  and  the  vapours 
within  the  pot  thereby  consist  of  one  part  of  air  to  100  of  steam,  I  think 
it  seems  likely  that  the  heat  of  the  steam  should  be  ^  of  a  degree  below  the 
boiling  point,  as  before.  For  the  steam  will  bear  being  coold  to  that 
degree  without  being  condensed;  and  in  all  probability  the  evaporation 
from  the  surface  of  the  water  will  be  so  much  increased  as  to  cool  the  steam 
to  that  point.  But  the  heat  of  the  water  ought  in  all  probability  to  be  very 
little  affected  thereby,  except  close  to  the  surface. 

But  if  the  vessel  is  quite  open,  the  surface  of  the  water  will  most  likely 
be  many  degrees  cooler  than  the  boiling  point;  and  therefore  it  is  likely 
that  the  water  may  be  sensibly  cooUer  than  the  boiling  point,  even  to  a  con- 
siderable depth  below  the  surface. 

It  should  seem,  therefore,  that  the  heat  of  the  boiling  water  should  be 
considerably  more  regular  in  close'  vessels  than  in  open  ones.  For  the  vessel 
being  close  or  open  can  affect  the  lower  parts  of  the  water  no  otherwise 
than  by  the  effect  which  it  has  on  the  water  at  the  surface.  Now  in  close 
vessels  the  water  at  the  surface  must  in  all  cases  be  exactly  at  the  boiling 
point ;  but  in  open  vessels  it  will  be  much  cooller,  and  its  heat  will  be  very 
different  according  as  the  surface  is  more  or  less  exposed  to  the  air,  and  as 
the  water  boils  faster  or  slower. 

^  What  is  said  in  this  paragraph  is  confirmed  by  the  experiment  in  \irhich  a  good 
deal  of  air  was  left  in  the  ball  A . 
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The  hypothesis  which  I  said  I  had  about  the  cause  of  the  difference  of 
the  heat  of  boiling  and  ebullition  is  as  follows. 

I  suppose  that  within  a  certain  very  minute  distance  the  particles  of 
water  repel  each  other;  and  that  beytind  that  distance  they  attract  each 
other;  and  that  the  repulsive  force  increases  and  diminishes  as  the  heat 
increases  and  diminishes ;  but  tliat  the  attractive  force  is  either  the  same 
in  all  heats,  or  that  it  diminishes  as  the  heat  increases,  or  at  least  that  it 
increases  in  a  much  slower  proportion  than  the  repulsive  force;  and  also 
that  the  distance  to  which  the  attraction  extends  is  many  times  greater 
than  that  to  which  the  repulsion  extends. 

Thus  let  PAap  (fig.  2)  represent  the  section  of  a.  flat  plate  of 
water.  Let  Nn,  Mm  etc.  represent  parallel  planes.  Let  MG  and  GF  be 
equal  to  the  distance  to  which  the  repulsion  extends;  and  let  GN  and 
MeE  equal  that  to  which  the  attraction  extends;  that  is.  let  a  particle 
be  repwlled  by  any  particle  whose  distance  from  it  is  less  than  GM  or  GF, 
and  attracted  by  any  whose  distance  is  between  GM  and  GN  or  between 

P  N       MG  F       E  A 


mg  f 

Fig.  J. 

GF  or  ME.  Then  does  the  repulsion  of  the  thin  lamina  GFfg  on  GMing 
tend  to  separate  the  part  GAag  from  GPpg;  but  it  is  coimtcracted  by  the 
pressure  of  the  atmosphere  on  A  a  and  Pp;  and  also  by  the  attraction  of 
GEeg  on  MNnm.  Suppose  now  the  part  FAaf  to  be  taken  away,  so  that 
the  plane  Ff  may  now  become  the  outside  surface  of  the  water.  Then  is 
the  force  which  tends  to  separate  the  lamina  GF/g  from  GPpg  the  same 
as  before;  but  the  force  which  counteracts  it  is  less;  for  the  counteracting 
force  is  only  the  attraction  of  GFfg  on  MNnm,  added  to  the  weight  of  the 
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atmosphere;  and  the  attraction  of  GFjg  on  MNnm  is  evidently  less  than 
that  of  GEeg  on  the  same.  Whence  it  appears  that  the  repulsion  of  GF/g 
and  GMmg  on  each  other  may  be  sufl&cient  to  separate  GF/g  from  GPpg, 
when  Ff  is  the  outside  surface  of  the  water,  though  it  is  not  when  there 
is  a  sufficient  thickness  of  water  on  each  side  of  it;  and  consequently  that 
the  repulsive  force  of  the  particles  may  be  sufficient  to  separate  a  thin 
lamina  from  the  outside  of  the  water,  and  turn  it  into  steam,  though  it  is 
not  sufficient  to  separate  the  water  in  the  middle. 

The  phenomena  of  capillary  tubes  shew  that  the  attraction  of  water 
to  glass,  and  in  all  probability  to  metals  also,  is  greater  than  that  of  water 
to  water;  so  that  it  should  require  a  still  greater  heat  to  produce  a 
separation  in  that  part  of  the  water  which  is  in  contact  with  the  sides  of 
the  pot,  than  in  that  which  is  at  a  little  distance  from  it. 


TENSION  OF  AQUEOUS  VAPOUR 

• 

Among  the  Cavendish  manuscripts  concerned  with  heat  is  an  accoimt 
of  a  long  and  elaborate  investigation  on  the  relation  between  the  tempera- 
tiu-e  and  elastic  force  of  steam.  The  account  is  complete,  and,  together 
with  certain  associated  matters,  is  written  out  in  great  detail  on  about 
85  quarto  folios.  The  inquiry  involved  many  hundreds  of  measurements 
and  considerable  labour  in  reduction  and  computation. 

As  already  stated,  the  subject  was  among  the  earliest  of  Cavendish's 
experimental  inquiries.  It  would  appear  that  the  observations  which  he 
associates  with  his  father  were,  as  a  matter  of  fact,  made  by  himself  under 
the  direction,  presiunably,  of  Lord  Charles  Cavendish.  They  consisted  in 
comparing  the  height  of  an  ordinary  barometer  with  that  of  a  barometer 
containing  a  small  quantity  of  water,  placed  side  by  side,  and  noting  at  the 
same  time  the  temperature  of  the  mercurial  colimm — a  method  subse- 
quently employed  by  Kamtz  in  observations  extending  over  some  years. 
In  both  sets  of  experiments  the  range  was,  of  course,  confined  within  the 
extremes  of  atmospheric  temperature. 

Although  this  is  nowhere  explicitly  stated  by  him,  it  may  be  surmised 
that  Cavendish  was  led  to  take  up  the  subject  again,  not  merely  on  account 
of  its  scientific  interest,  but  by  reason  of  the  rapidly  growing  importance 
of  the  steam  engine,  and  the  desirability  of  obtaining  accurate  data  con- 
cerning its  theory.  As  a  historical  fact  the  problem  was  then  engaging 
the  attention  of  many  experimenters,  although,  in  all  probability,  Caven- 
dish was  imaffected  by  that  circiunstance,  even  if  he  was  aware  of  it. 
Watt  had  attacked  it  as  far  back  as  1764  and  had  made  a  series  of  observa- 
tions in  the  winter  of  1773-74  but  nothing  was  pubUcly  known  of  his  work, 
and  no  accoimt  of  it  appeared  until  much  later  when  he  commimicated 
the  results  to  Robison  who  pubUshed  them  in  his  Mechanical  Philosophy, 
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Vol.  II,  p.  29,  et  seq.  Robison's  own  results  were  first  stated  in  his  article 
on  Steam  in  the  Encyclopadia  Britannica.  Zcigler's  observations  made 
with  a  Papin's  digester,  and  published  at  Basle  in  1759,  were  probably 
unknown  to  Cavendish  who  would  certainly  have  compared  the  results 
with  his  own  had  he  been  aware  of  them.  Betancourt's  memoir  Sur  la 
Force  Expansive  de  la  Vapeur  was  not  printed  until  1792,  and  an  account  of 
Southern's  experiments,  made  by  direction  of  Watt,  first  appeared  in 
Brewster's  edition  of  Robison's  Works. 

There  can  be  no  question,  therefore,  that  Cavendish's  inquiry  was 
wholly  original  and  independent,  and  altogether  uninfluenced  by  any 
previous  or  contemporary  work  on  the  subject.  He  seems  to  have  begim 
the  new  inquiry  in  the  spring  of  1777.  It  occupied  him  during  much  of 
the  following  year  and  until  the  early  part  of  1779.  The  experiments  are 
described  under  the  two  main  sections  of  observations  below  and  above 
212°  F.,  as  the  methods  employed  in  the  two  series  are  dissimilar  to  a  slight 
extent. 

The  observations  above  2I2''F.  are  first  dealt  with.  The  arrangement 
used  in  this  series  is  illustrated  by  the  figure  on  [p.  356]. 
It  is  thus  described  :i45BG  is  a  bent  glass  tube  of  the  size  of  an  ordinary  barometer 
tube  with  two  balls  A  and  B  each  about  ij  in.  in  diameter.  The  ball  A  and  the 
tube  as  far  as  b  is  filled  with  5  [mercury]  with  a  little  water  at  the  top  of  the  ball. 
This  glass  is  exposed  to  the  steam  of  boiling  water,  or  to  the  water  itself,  in  the 
glass  CED,  covered  with  the  tin  cover  CD.  with  a  chimney  F,  the  tube  BO  being 
passed  through  a  hole  in  the  cover,  and  secured  with  cork,  and  some  woollen 
cloth  being  placed  between  the  cover  and  the  top  of  the  glass  CED  to  make  it 
fit  the  closer.  A  hole  was  also  made  in  the  cover  through  which  one  of  the  short 
thermometers  used  in  the  experiments  for  the  boihng-point  [p.  356]  could  be 
passed. 

The  capacities  of  the  bulbs  and  tube  were  ascertained  by  calibration 
with  known  weights  of  mercury,  and  the  results  are  embodied  in  a  table 
showing  the  capacity  of  the  tube  at  successive  intervals  of  an  inch  from 
the  top  of  the  outer  tube. 

The  calibration  was  necessary  as  the  amoimt  of  mercury  in  the  appara- 
tus varied  during  the  course  of  the  experiments,  more  or  less  being  added, 
or  withdraivn  from  time  to  time,  as  required,  in  order  to  keep  the  mercury 
in  the  shorter  or  inner  limb  at  approximately  the  same  level,  and  also 
below  the  top  of  the  outer  tube. 

Some  preliminary  experiments  were  made  to  determine  the  effect  of 
small  or  varying  proportions  of  air  to  vapour  upon  the  tension,  the  obser- 
vations being  made  at  the  boiling  point  of  the  water  in  the  "  pot,"  which 
was  heated,  in  this  case  directly  over  the  fire,  or  in  a  sand  tray.  The 
difference  of  level  in  the  limbs  was  estimated  by  means  of  "a  level  ruler, 
with  small  sliding  brass  rule,"  The  volume  of  the  air  and  its  ratio  to  the 
known  content  of  the  bulb  were  attempted  to  be  ascertained  by  measuring 


1 


3^4 
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the  size  of  the  bubble  left  after  the  apparatus  was  cooled  by  immersion 
in  cold  water,  according  to  * '  the  rule  given  in  *  Experiments  on  Barometers '  ^ 
for  finding  the  bulk  of  bubbles." 

Cavendish  was  aware  that  the  method  might  not  be  strictly  applicable 
to  this  case.  He  says:  "But  it  must  be  observed  that  that  rule  was  found 
by  experiments  in  which  no  water  was  in  the  ball,  and  therefore  can  not 
hold  good  in  experiments  in  which  there  is." 

The  bulk  of  residual  air  would  be  affected  also  to  a  small  extent  by  its 
solubility  in  the  cooled  water  in  the  bulb,  but  as  the  quantity  of  water 
was  very  small,  its  effect  on  the  bulk  was  probably  not  greater  than  the 
ima voidable  error  of  measurement.  A  number  of  experiments  were  made 
and  the  results,  although  only  approximate,  when  combined  with  the 
known  effects  of  determinate  voliunes  of  air  in  depressing  the  barometer, 
afforded  some  information  as  to  the  influence  of  varying  amoimts  of  air 

^  The  rule  here  alluded  to  is  given  as  follows  in  a  short  paper  in  MS.  headed 
"Barometers." 

Let  the  figure  represent  the  section  of  the  ball  and  bubble. 
The  curvature  of  tgh  may  be  supposed  nearly  the  same  what- 
ever is  the  diameter  of  the  globe  provided  eh  is  small  in  respect 
of  ad.  The  content  of  eabf  is  to  that  of  globe  as  3/b*  :  orf*. 

If  ratio  efgh  to  i  glob,  inch  be  called  r 


%• 


I  glob,  inch  $  =  1800  grains. 

Hence  it  appears  that  when  diameter  of  bubble  = 


•66 

•44 

•245 
•16 


efha  = 


/?  = 


f53-5 
IO-6 

i-o 

•185 
•03 
039 

j  -0315 

V-024I; 


grains  and  efgh  = 


h 


fi7-4 

IO*2 

2-53 

•833 


grains 


inch. 


Hence  I  conclude  that  the  value  of  ^answering  to  bubbles  of  different  diameters 
is  as  follows: 

diameter  bubble      -lo         •13  "16  '2  '25 

gf         -oiS       -021        -024        -028        -032 

diameter  bubble      '3  -4  '5  -6  -7 

•037       -039        '039        -034        -028 

The  number  of  grains  of  ^  equal  in  bulk  to  bubble 

r         I.  eh^ 

=  1350  ^fg-^  eh*  +  337  X  ^ . 

eh  and  ad  being  expressed  in  inches ;  and  the  bulk  of  the  bubble  is  to  that  of  the  ball  as 


3/M  ,  3yb«  X  fg 


ad^ 


.-  + 


ad^ 


to  I. 
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on  the  apparent  elastic  force  of  steam.  It  will  be  seen  later  that  Cavendish 
subsequently  detected  how  the  effect  of  the  air  could  be  determined, 
thereby  anticipating  a  discovery  we  associate  with  Dalton. 

The  observations  for  measurement  of  vapour  tension  were  now  begun. 
A  small  quantity  of  water,  "well  purged  of  air"  by  boiling,  was  introduced 
into  the  bulb  A ,  and  the  apparatus  immersed  in  a  solution  of  pearl-ash, 
contained  in  the  vessel  CED.  "The  heat  was  estimated  by  the  standard 
thermometer  5  of  Naime."  It  had  been  standardised  by  the  method  pre- 
scribed by  Cavendish's  Committee  of  the  Royal  Society  already  referred 
to.  The  readings  of  the  temperature  were  also  corrected,  when  necessary, 
for  that  portion  of  the  stem  of  a  lower  temperature  than  that  of  the  bulb, 
by  the  method  introduced  by  Cavendish  and  adopted  in  the  Report  of  the 
Committee  (Phil.  Trans.  1777,  lxvu.  8i6}. 

"The  different  height  of  the  5  [mercury]  in  the  tube  and  in  the  ball  A 
being  estimated  by  the  weight  of  2,  by  means  of  the  foregoing  measures," 
i.e.,  the  measurements  embodied  in  the  calibration  table  before  mentioned. 

The  following  excerpts  from  the  tables  of  detaib  of  the  first  series  of 
observations  will  serve  to  illustrate  their  charactei. 


May6,  I7;8. 

Barometer  = 

=  29-93. 

Level  of 

Force 

Weight 

Level  of  B 

9  in  ball 

with  which 

ottin 

Heat. 

in  tube 

vapour  is 

apparatus 

"F. 

below  top 

of  tube  (I) 

compressed  (z) 

16-08  oz. 

2296 

I7-I 

29-854 

42-559 

230 

i6-8 

-872 

42-877 

tried    \'^°'- 

229 1 

17-2 

-710 

42-315 

again 

231-8 

15-6 

■803 

44-008 

232 

15-35 

-819 

44-274 

N.B.   (i)  Expan 

ion  of  5  by  heat  is  allowed  for  in  this  computation. 

{2)  About  7j  inches  of  the  column  of  2  by  which  the  vapour  was  compresse 
was  heated  to  212',  in  consequence  of  which  the  pressure  of  that  column  was 
diminished  about  -125  inch,  according  to  De  Luc's  rule,  which  is  allowed  for  in 
this  computation. 

July  4  [1778].  The  same  experiment  repeated  with  a  stronger  solution 
of  pearl-ash.  Bar.  =  30-0 


""■     ■"■      J"""- 

Level  of  b 

Force  with 

Weight  of  1 

Heat 

iD  tube 

in  apparatus 

"F. 

24-812  OZ. 

247-4 

■95 

58-59 

247-7 

■64 

58-91 

248 

•4 

59-16 

The  solution  in  CED 

(246 

2-5 

5695 

weakened  by  addi- 

246-3 

2-05 

57-43 

tion  of  water 

(246-5 

1-85 

57-64 

The  whole  quantity  of  5  in  the  tube  was  much  heated:  perhaps  to  120". 
For  the  higher  temperatures  an  oil-bath  was  employed.    The  oil  was 
contained  in  a  copper  vessel  provided  with  a  cover. 
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**  The  oil,"  we  read,  **  was  stirred  by  a  semi-circular  horizontal  tin-plate,  filling 
near  \  the  area  of  the  pot,  and  raised  and  sunk  perpendicularly.  It  was  heated 
by  a  spirit  lamp  of  9  wicks,  kept  burning  during  the  observations,  more  or 
less  of  the  wicks  being  lighted  so  as  to  make  the  oil  heat  and  cool  slowly.  The 
pot  \CEU\  was  encompassed  with  a  piece  of  thin  brass,  covered  with  flannel  and 
paper,  forming  a  kind  of  flue.  The  2  standard  thermometers  A.  and  Br.  for 
300**  were  placed  in  the  vessel  on  different  sides  of  the  ball  of  the  apparatus,  their 
balls  being  on  a  level  with  the  center  of  the  ball  of  apparatus  and  near 
4  inches  below  the  cover  of  the  pot.  2  thermometers  were  placed,  the  ball  of  one 
near  the  middle  of  that  part  of  the  colunm  of  5  in  the  standard  thermometers 
which  was  out  of  the  pot,  the  ball  of  the  other  near  the  middle  of  that  part  of 
the  column  of  5  of  apparatus  which  was  out  of  the  pot." 

As  the  radiation  from  the  heated  *'pot"  would  doubtless  affect  the 
volatility  of  the  spirit  of  wine  in  the  lamp  below,  which  might  prove 
troublesome  and  even  dangerous,  it  was  diluted  with  water  so  as  to  mini- 
mise this  risk.  ''The  specific  gravity  of  the  spirits  used  for  the  lamps  when 
the  thermometer  was  at  63**  was  -8803  [circa  66  per  cent,  of  alcohol  by 
weight],  the  flame  being  found  not  to  increase  much  by  the  heating  of  the 
spirits,  when  they  were  no  stronger  than  that." 

The  following  table  shows  the  general  character  of  the  measurements. 
Readings  of  the  thermometers  and  of  the  levels  of  mercury  in  the  apparatus 
were  taken  as  the  temperature  slowly  rose  and  again  as  it  fell  on  cooling 
and  the  mean  taken,  these  being  subsequently  corrected  for  the  lower 
temperature  of  the  emergent  columns. 

Sat.  Aug.  I,  1778.  Bar.  at  4.40  p.m.  =  30*32,  glass  5?  =  n  oz.  i3dwt. 
15  gr.,  heat  tube  thermom.  =  81°,  heat  column  ?  =  71°. 

Thermometers 


Time 
hr.  m. 

A.                 Br. 

0                   0 

9  below 
top 

0 

PrRjwun 

5  32  P. 

2307 

230-5 

1575 

44050 

33 

1-3 

!• 

156 

44-209 

34 

1-8 

1-5 

15-25 

44-789 

36 

2-3 

2 

14-8 

45-054 

37 

27 

2-5 

14-4 

45-476 

38 

32 

3 

14 

45-898 

40 

32 

3 

1365 

46*268 

42 

2-8 

2-5 

13-95 

45-950 

43 

2-3 

2 

14-35 

45-528 

44 

1-8 

1-5 

14-75 

45-106 

Heats  2®-5  in  6  min.  =  i**  in  2-4  mins. 

Cools  i®*5  in  4  min.  =  i®  in  2*7     ,,  ^ 


Br. 


w  w 

Corr.  for  heat  tube  thermom.  i'94        2*14 

Supposed  true  heat  corrected  2*17        2*12 
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For  the  higher  temperatures  and  pressures  a  similar  apparatus  was 
constructed  with  a  much  longer  outer  tube.  It  is  distinguished  in  the 
account  as  the  11  foot  tube  and  was  subsequently  employed  in  an  inquiry 
on  the  thermal  expansibility  of  air.  It,  together  with  the  ball,  was  care- 
fully calibrated  by  mercury  as  before,  the  details  being  set  out  at  length  in 
the  account. 

With  this  apparatus,  we  read, 
the  experiments  were  made  just  in  the  same  manner  as  the  foregoing,  except  that 
a  tin  cover  was  placed. ..about  3-8  inches  above  the  top  of  the  piot  to  prevent 
danger  in  case  the  glass  [tube]  was  to  break.  A  thermometer  was  placed  to  show 
the  heat  of  that  part  of  the  thermometer  and  tube  which  wa.s  between  the  cover 
and  pot,  and  another  to  shew  the  heat  of  that  above  the  cover. 

In  all  17  series  of  observations  were  made  involving  several  hundred 
readings  of  the  thermometers  and  levels  of  the  mercury.  It  is  unnecessary  to 
give  further  examples  of  their  character :  they  were  exactly  similar  to  those 
alreadygiven.  In  each  case  a  series  of  readings  was  taken  at  about  the  parti- 
cular point  determined  upon  first  as  the  temperature  slowly  rose  and  again 
as  it  fell,  a  mean  of  the  whole  being  taken.  Thermostats  were  unknown  in 
Cavendish's  time*:  hb  method  of  controlling  the  temperature  of  the  bath 
was  to  extinguish  one  or  more  of  the  wicks  of  the  spirit  lamp.  The  methods 
of  reduction  and  computation,  and  the  details  of  corrections  for  inequali- 
ties of  temperature,  expansion  of  mercury,  etc.  are  described  in  full  and 
the  final  values  are  given  in  the  form  of  sjmoptical  tables. 

The  apparatus  "for  trying  the  force  of  steam  at  heats  less  than  212°"  is 
shown  in  the  figure  on  p.  368.    It  is  thus  described: 

Bb^  is  a  ball  and  bent  tube  with  a  brass  plate  Cc  cemented  on  it  to  which  may  be 
fastend  a  tin  pot  Aa,  which,  to  make  the  containd  water  keep  its  heat  longer, 
is  inclosed  in  a  wooden  box  with  wool  between.  The  same  stirrer  is  used  as  in 
former  experiments,  and  2  thermometers  are  placed  in  it,  their  balls  being  on 
a  level  with  the  center  of  ball  [B].  The  tin  pot  is  suppUed  with  hot  water  from 
another  vessel  with  a  cock,  the  pipe  of  which  enters  into  Aa.  Tlie  vessel  Aa  also 
is  furnished  with  a  cock  and  a  pipe  to  carry  off  the  overflowings.  Dd  is  a  gradu- 
ated brass  frame  with  a  slider  E  with  a  nonius  and  a  brass  cock  C,  to  observe  the 
he^ht  of  the  S  in  the  leg  6j8  or  outer  leg.  In  order  to  observe  the  5  in  the  inner  leg, 
an  additional  cock  Ff  was  used  lying  upon  the  former.  To  see  whether  this 
additional  cock*  was  horizontal,  a  box  Mm  with  a  board  N  floating  in  5  was  used 
with  2  cocks  P  and  p  fastend  upon  it.  It  was  observed  what  division  the 
nonius  stood  at  when  each  of  the  cocks  P  and  p  were  even  with  the  top  of  the 

•  [The  word  "  thermostat "  appears  to  have  been  introduced  into  the  literature  by 
Heeren  in  1834  and  was  applied  to  an  arraogement  devised  by  him  for  regulating  the 
heat  applied  to  crucibles,  beakers,  etc.  over  a  spirit  lamp.  Its  use  in  the  sense  of  an 
arrangement  to  maintain  a  constant  temperature  is  of  much  later  date.] 

'  (Cock — the  style  or  gnomon  of  a  dial:  the  needle  or  index  of  a  balance:  a  pointer 
or  indicator,  e.g.  weather-cock.] 
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additional  cock;  the  box  was  then  turned  end  for  end  and  the  observations 
repeated  by  which  means  it  was  found  how  much  one  of  the  floating  cocks  was 
higher  than  the  other,  and  how  much  that  part  of  the  additional  cock,  answering 
to  one  floating  cock  was  higher  than  that  answering  to  the  other. 

A  slight  scratch  was  made  on  the  inner  leg  and  its  position  on  the 
graduated  scale  when  the  apparatus  was  in  position  was  ascertained:  its 
distance  from  a  similar  scratch  near  the  top  of  the  outer  tube  was  thereby 
determined. 

The  bulb  and  tube  were  calibrated,  as  before,  by  mercury 


"  The  degree  of 


50 


n  thermometers  \  _  [the  thermometers  employed]  was 


even  with  the  tin  cover  and  78  even  with  the  top  of  the  wooden  cover.  It  is  sup- 
posed, therefore  that  each  thermometer  was  of  the  full  heat  as  far  as  65  [degree 
mark],  and  from  thence  of  the  temper  of  the  air."  When  the  apparatus  was  set 
up  and  "  the  ball  and  tube  well  filled  [with  mercury]  without  any  water  in  them 
on  Dec.  9,  the  ball  and  tube  was  measured  [calibrated]  and  at  the  same  time  it 
was  tried  how  well  it  was  filled.  The  heat  during  the  experiment  was  50^.  The 
height  of  the  barometer  did  not  alter  sensibly  during  the  time." 
By  comparisons  with  the  barometer,  the  depression  from  any  vajxnu- 
[or  air]  contained  in  the  ball  in  one  experiment  "cannot  much  exceed  -ooii 
and  in  the  latter  -0034." 

After  the  introduction  of  the  boiled  water,  observations  were  made, 
dc  die  in  diem,  during  the  latter  part  of  December,  1778,  and  the  early 
part  of  January,  1779.  Neither  Christmas  Day,  nor  New  Year's  Day,  nor 
Sundays  were  allowed  to  interrupt  the  work.  For  some  reason,  which  is 
not  apparent,  the  greater  number  of  the  observations  were  made  in  the 
late  afternoon  and  evening,  and  often  far  into  the  night,  so  that  the  readings 
must  have  been  taken  by  candle-  or  lamp-light.  At  that  period  Cavendish's 
laboratory  was  over  the  stables  of  his  father's  house  in  Great  Marlborough 
Street,  and  it  is  possible  that  the  apparatus  was  so  placed  that  the  compara- 
tively feeble  light  of  a  mid-winter's  day  was  insufficient  for  the  purpose. 

As  an  example  of  the  observations  an  extract  may  be  given  from  the 
table  of  measurements  made  on  Dec.  25th.  A  column  is  given  showing 
the  results  of  Lord  Charles  Cavendish's  measurements  (L.C.C.)  at  the  cor- 
responding temperatures. 


I 

1 
- 


Friday,  Dec 

25.  1778. 

Thermometers 

. 

Ba™. 

Tension 

Time 

1         ^ 

5 

oeHeg 

meter 

H.C           L.C.C 

6.57  p.m. 

7;-6 

717 

4-690 

30781 

740           747 

7-2      ., 

713 

71-5 

■680 

782 

731         739 

8      .. 

62-3 

623 

■485 

■783 

■530        -532 

13     .. 

62-2 

623 

•480 

784 

■526      530 

27     .. 

52-3 

52 

■325 

785 

•364        -368 

32     ,. 

52-3 

— 

•323 

786 

■363        -368 
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As  in  the  first  series,  the  whole  of  the  observations  are  set  out  in  the 

* 

form  of  tables,  with  all  the  details  of  the  computations  and  corrections,  so 
that  each  step  of  the  work  may  be  followed. 

The  following  table,  compiled  from  the  final  results  as  stated  by  Caven- 
dish, shows  the  corrected  values  for  temperature  and  tension,  expressed, 
of  course,  in  Fahrenheit  degrees  and  inches  of  mercury.  As  an  indication 
of  their  accuracy  they  are  compared  with  Regnault's  values. 

Tables  showing  the  tension  of  Aqueous  Vapour  between  ii°  and  308°, 
expressed  in  degrees  Fahrenheit  and  inches  of  mercury,  as  observed  by 
Cavendish,  compared  with  the  corresponding  values  determined  by  Regnault, 


^'F. 

Cavendish 

Regnault 

^T. 

Cavendish 

Regnault 

II-O 

•065 

•071 

122 

3-573 

3-621 

I2'0 

•074 

-074 

132 

4-690 

4-755 

22-2 

•118 

•119 

142 

6-074 

6-183 

26-8 

•140 

•145 

152 

7-816 

7*925 

310 

•174 

-174 

162 

9^934 

10-07 

367 

•195 

-216 

172 

12-531 

12-74 

44-8 

•284 

.288 

182 

15-647 

15-92 

52-0 

•384 

•388 

224*2 

37-56 

38-19 

620 

•548 

•556 

229-4 

41-30 

41-90 

71-6 

•760 

•762 

234-0 

45-03 

45-76 

82-0 

1-067 

1-094 

2393 

49-57 

50-29 

92-0 

1-467 

1-500 

244-3 

54-21 

55-16 

I02-0 

1.998 

2-039 

248-6 

58-37 

59-42 

112 

2-683 

2-725 

• 

Tension  of  Aqueous  Vapour  at  temperatures  above  212°  F. 

''Experiments  made  with  11  foot  tube.  Observed  heats  (corrected) 
answering  to  different  pressures:  taken  from  a  mean  of  the  observations 
themselves"  (Cavendish). 

**  F.  Cavendish  Regnault 

239*05  50-20  50-08 

248-72  59-64  59-52 

258-31  70-87  70-31 

268-38  83-02  83-32 

277-97  97-14  97-40 

287-88  113*37  ii3'9i 

298-22  132-22  133*33 

308-07  153-25  154-40 

The  first  approximately  accurate  measurements  of  the  tension  of 
aqueous  vapour  published  in  England  were  made  by  Dalton,  by  a  method 
"recommended  by  an  elegant  simplicity."  An  account  of  them  appeared 
in  1805  in  Vol.  v.  of  the  Memoirs  of  the  Literary  and  Philosophical  Society 
of  Manchester,  They  extend  from  the  freezing  to  the  boiling  point  of  water 
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under  ordinary  atmospheric  pressure.  From  the  rate  of  increase  in  tension 
between  these  limits  Dalton  computed  the  values  at  temperatures  above 
212°  F.,  but,  as  Young  from  theoretical  considerations,  and  Ure.  from  the 
results  of  direct  observation,  pointed  out,  Dalton's  method  of  extrapola- 
tion was  wholly  erroneous,  furnishing  numbers  some  25  or  30  per  cent. 
too  low  at  50°  or  60°  above  the  ordinary  boiling  point.  Cavendish's  method, 
on  the  other  hand,  although  far  more  laborious  than  that  of  Dalton,  and 
involving  many  more  measurements  and  much  time  and  trouble  in  evol- 
ving the  necessary  corrections,  afforded  in  his  hands,  as  the  comparison 
with  Regnault's  values  proves,  much  more  accurate  results.  This  is 
especially  true  at  the  higher  temperatures  where  the  values  were  obtained 
by  direct  experiment,  and  are  therefore  independent  of  all  extrapolation 
on  hypothetical  assumptions. 

But,in  the  absence  of  other  data,  D&lton's  Tables  0/  Ihe  Force  of  Aqueous 
Vapour,  in  spite  of  the  criticisms  of  Biot.  were  long  regarded  as  authorita- 
tive, especially  in  this  country,  and  as  such  appeared  in  practically  every 
text  book  during  the  first  third  of  the  igth  century,  when  they  were 
superseded  by  the  work  of  Dulong  and  Arago.  It  is  to  be  regretted  there- 
fore, that  Cavendish  should  have  refrained  from  publishing  the  results 
of  his  labours  of  1777-1779  on  this  subject.  "Erroneous  observations," 
said  Darwin,  "are  in  the  highest  degree  injurious  to  the  progress  of  Science, 
since  tliey  often  persist  for  a  long  time.  But  erroneous  theories,  when  they 
are  supported  by  facts,  do  little  harm,  since  everyone  takes  a  healthy 
pleasure  in  proving  their  falsity." 

It  may  be  doubted,  however,  whether  this  last  remark  is  apphcable  to 
Cavendish.  Nowhere  does  he  manifest  "a  healthy  pleasure"  in  dealing 
with  a  false  theory  or  unsoimd  hypothesis.  He  studiously  avoided  con- 
troversy; he  seemed,  in  fact,  almost  ner\'ously  afraid  of  it.  In  this,  as 
indeed  in  other  respects,  he  resembled  Newton,  who  in  consequence  of  the 
objections  which  were  raised  to  his  theory  of  light  and  colours,  confessed 
that  he  had  been  imprudent  in  publishing  it.  since  by  catching,  as  he  said, 
at  the  shadow  he  bad  lost  the  substance,  namely  his  own  peace  and  quiet. 
Throughout  his  long  life  there  was  only  a  single  occasion  on  which  Cavendish 
was,  for  a  brief  time,  led  into  controversy  when  he  was  provoked  to  reply 
to  certain  strictures  by  Kirwan ;  and  he  is  quite  apologetic  to  the  Rojfal 
Society  for  the  necessity  of  troubling  it  with  polemical  matters.  If  we  are 
driven  to  seek  a  reason  for  his  withholding  from  publication  the  results 
of  his  long  and  laborious  work  on  aqueous  vapour  tension,  it  may  possibly 
be  found  in  the  fact  that  it  would  inevitably  bring  him  into  conflict  with 
Deluc.  As  the  manuscript  shows,  the  direction  of  the  investigation  was 
to  some  extent  affected  by  Deluc's  theory  of  the  therraometric  scale,  and 
the  reduction  of  the  observations  is  encumbered  with  calculations  which 
prove  the  unsoundness  of  Deluc's  views.  Deluc's  "rules"  led  to  a  pro- 
gression of  elasticity  and  a  scale  of  temperature  which  were  found  to  be 
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wholly  inconsistent  with  observation.  Cavendish  sets  out  the  numbers 
establishing  this  fact,  but  he  nowhere  comments  on  the  disparity  between 
theory  and  experiment.  He  simply  leaves  the  numbers  to  speak  for  them- 
selves. 

Deluc,  as  is  well  known,  held  that  a  mixture  of  equal  weights  of  hot 
and  cold  water  had  a  temperature  lower  than  the  arithmetic  mean  of  the 
initial  temperatures.  Thus,  according  to  Deluc,  a  mixture  of  equal  weights 
of  water  at  212°  F.  and  32°  F.  had  the  temperatiu-e  of  119"*  instead  of  122°. 
Cavendish,  for  years  past,  was  aware  that  such  a  statement  was  erroneous. 
His  early  experiments,  made  with  all  the  precision  and  scrupulous  care 
of  modem  methods,  would  have  enabled  him  to  refute  it.  But  so  far  as 
can  Ix*  gathered,  he  took  no  steps  to  make  known  the  facts.  He  contented 
himself  with  satisfying  his  own  curiosity  in  the  matter.  As  it  was,  the 
error  persisted  down  to  the  time  of  Dalton,  who  not  only  shared  it,  but 
sought  to  support  it  by  the  assumption  of  a  fake  hypothesis  concerning 
the  law  of  the  thermal  expansion  of  Uquids. 

Accompanjing  the  account  of  these  experiments,  and  paged  up  with  it, 
iin^  descriptions  of  two  other  inquiries  which,  it  may  be  presimied.  Caven- 
dish a^nsidered  as  connected  with,  or  supplementary  to,  the  main  investi- 
gation, and  which  had  this  been  published  would,  in  all  probability,  have 
apix^artni  at  the  same  time.  The  descriptions  are  headed  "Compressibility 
of  Air"  and  ** Expansion  of  Air.*'  The  experiments  on  the  compressibility 
of  air  appear  to  have  been  made  during  the  last  ten  da\'s  of  November  and 
first  wivk  of  IVcembiT,  17 78,  before  the  final  set  of  experiments  on  aqueous 
\";iixnir  tension  at  temperatures  below  212"^  w^re  undertaken.  The  object 
of  the  inquiry,  apparently,  was  to  ascertain  how  far  air  saturated  with 
moistiuv  obe\*ed  Boyle  s  law,  and  whether  the  partial  pressures  of  the  air 
and  aqueous  N'apour  could  be  differentiated. 

The  experiments  on  the  thermal  expansion  of  air  were  not  made  until 
the  DeiYmber  of  the  following  war. 

COMPRESSIBILITY  OF  AIR 

Attcr  former  exp^Timents  \Wth  11  foiU  tube  were  finished  it  was  washed 
with  water  and  on  Nov.  20  ^778]  was  measured  w^hile  wet.  Thermometer 
aUnit  57'\   Thennom.  about  57'. 

Weight  of  s  vhidi 
by  former  messares 
V^iADK.  ?  tirookl  fill  ban  and 

^.4   v«x*t,  grj  tube  to  that  hofht 

a  13.  «r^  in  short  kg.  ^-5^  fn>m  bolt. 

TO,  iv\  10  to  a  pc*nt  ,r<*o  from  last  ,m,  ^i„t-  ^: 

II.  10.  iS  in  kxig  kg  3<to  from  bott.  —1^51  from  top        12.    o,    2 

tv4-  12,  14  .,  ,>  ..  -     0-13       ,.  64.  15.  13 

^7.  11.  iS  ..  ».  ►.  —     2HX>       ..  67.  II.  iS 

Top  t«b^  m  1^10-^  finMB  b«>ttiMi«  bottom  =  5*75  frooR 
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On  Nov.  2 1  about  7.30  P.  all  the  §  \ 
of  5  pourd  in 

surface  water 
surface  9  in  short  leg  was 
surface  5  in  long  leg 
surface  water  in  long  leg 


IS  pourd  out  of  tube  and  1 
1-09  above  iMttom 


171 

5-44 


It  was  then  set  in  large  glass  of  water  and  at  1 1 .0  P. 

Surf.  5  in  long  leg  was  (1-72  above  bottom. 
Thermometer  in  water         „         „         l5"50  ,, 

Water  being  at  that  time  48''-3.   The  surface  S  and  water  in  short  leg 
could  not  be  measured  but  we  may  conclude  from  former  measure  that  they 


•83 


above  bottom. 


below 


64  oz.  8  dwt.  9  gr.  more  5  was  then  pourd  in  making  in  all  64.  9. 2 ;  and 

at  11.20  P.  thcrmom.  in  water  same  as  before. 

Surface  ?        )  d'oo   .   ,        ^  ,      ,  ,  _     (4"i2  , 

,    \  was  ^,      below  top,  and  at    11.36  P.    r',     I 

„      .  water(  '61  ^  -*  (  -60 

top;  thermom.  being  still  the  same  as  before. 

Bar.  at  12.10  P.  (?A.)  was  30-02  and  next  morning  29-98,  heat  5 
therein  being  about  50". 

In  the  exp,  with  short  col,  empty  space  was  =  10-298  oz.  S:  pressure 

was  =  press,  atm.  +  -84  +  ■  —  =  1-105.   Height  Bar.  reduced  to  heat  57" 

was  30-04  and  allowing  for  loj  feet  greater  pressure  30-052.  Therefore 
total  pressure  =  31-157  inches.  Depression  of  barom.  by  water  at  heat 
48''-3  =  -315.  Therefore  if  all  the  moisture  was  separated  from  air  it  would 
have  sustained  pressure  of  30-842,  when  of  that  bulk  5  filling  bjtll 
and  tube  to  4-12  from  top  =  66-707  oz.  5  actually  in  =  64-454.  Bulk 
water  in  short  leg  =  -oSi:  therefore  empty  space  in  last  trial  =  2-17. 
The  surface  S  in  ball  when  there  is  that  quantity  of  empty  space  was 
found  by  trial  to  be  4-09  above  bottom.    Therefore  pressure  =  pressure 


atm.  +  126-48  + 


3-52 
I3i 


4-09=152-751,  the  press,  atm.  being  30-04,  and 


therefore  pressure  which  it  would  have  sustained  if  perfectly  dry  152-44, 
Therefore  the  empty  spaces  are  to  each  other  as  4-746  to  1,  and  the  pressures 
as  4-943  to  1, 

Dec.  1,  1778,  the  experiment  was  repeated. 
Surface  water! 

„    »    \' 

Surface  5  in  long  leg  =  i-68  above  bottom,  being  then  set  in  water 
_l-63i 
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short  leg  ■■ 


.1-65 
1-35. 
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above  bottom,thennom.  being  44°  and  bar.  =  29-94.  The  ^ 


in  app.  being  then  made  =  59.  9. 17  ^^^,  u.  .^,,.6  <=5  ""  i^^.g^  ■■ 
thennom.  being  the  same.  The  air  was  then  got  out  of  the  ball  without 
losing  any  of  the  9,  the  9  in  apparatus  being  then  made  =  63.  6.  13 
surf,  water  was  11-85  below  top. 

In  the  1st  experiment,  empty  s[>ace  was  10-060  oz.  Pressure  was  30-23 
5  filling  ball  and  tube  to  16-28  from  top  or  110-57  from  mark  is  by  ist 
measure  =  6i-763,  bulk  water  in  short  leg  =  -084.  Therefore  empty  space 
=  2-195.  By  expelling  the  air  the  empty  space  appeard  =  2'203.  The 
pressure  was  140-20.  The  depression  of  the  barometer  is  -27;  therefore 
the  pressures  which  same  quantity  dry  air  would  have  sustained  are  as 
139-93  to  29-96  or  as  4-666  to  I  or  as  io-o6o  to  2-156. 


EXPANSION  OF  AIR 


Dec.  19,  1779. 

A  bent  glass  like  the  figure  was  filled  with 
^  by  being  placed  in  tin  vessel  with  the 
capillary  A  and  the  end  of  leg  B  passing 
through  holes  in  the  cover.  The  air  in  the 
vessel  was  heated  to  about  90°.  The  ^  was 
heated  considerably  hotter  and  was  pourd 
in  through  a  capillary  funnel  entering  into  B. 
When  it  was  filled  the  capillary  A  was  sealed 
and  the  greatest  part  of  the  2  in  the  outer  leg 
pourd  out.  The  glass  was  then  fastend  to 
the  brass  scale  used  in  the  preceding  experi- 
ment [Tension  of  Aqueous  Vapour],  and  the 
outer  leg  measured  by  pouring  in  2- 


Division  on 
answering  to  i 

in  outer  leg 

2895 

8-41 
13-97 
2059 


Glass  empty  =  7  oz.  8  dwt.  5  gr. 
scale    Glass  SUed  Do.  in  mil. 


29.  14.  22 

31.   12.  18 

33.     9-  " 

35-  «■  8 
Heat  [of]  air  about  50°. 

Dec.  22.  Some  air  was  let  into  the  ball 
under  a  jar  inverted  to  glass  of  water  as 


29-746 
31-637 
33-494 
35-617 


1  this 
I  fig.  the 


9-5351 
•5237 
■5061 


The  ball  was  placed 
being  at  32°  and  the 
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barom.  at  29'i3,  and  kept  so  for  about  an  hour  that  the  whole  might  be  of  the 
temper  of  the  air.  The  glass  jar  was  then  taken  off,  the  end  of  the  capillary 
broke  off'  and  the  jar  put  on  again.  After  it  had  staid  so  for  about  15'  some  5 
was  drawn  out  of  outer  leg  by  syphon  and  thereby  some  air  let  into  ball.  The  jar 
was  then  immediately  taken  off  and  the  capillary  sealed.  Measures  were  taken 
on  different  days  with  the  apparatus  fastend  to  the  scale  as  before. 

The  height  of  5  in  ball  below  the  top  of  the  capillary  was  taken  by  an  addi- 
tional cock  lying  on  the  other  in  the  same  manner  as  in  the  preceding  experiment 
[on  tension  of  aqueous  vapour].  The  he^ht  of  the  top  of  the  capillary  was  found 
by  resting  a  level  ruler  on  the  cock  used  for  finding  the  height  of  the  5  in  the  outer 
leg,  and  moving  this  cock  till  the  ruler  touchd  the  top  of  the  capillary. 


Day 

1779 

Glass 

with 

01.  d*t 

gr. 

Height  B 

in  ont. 

l=g 

Surf.  5  in 

t«iU  below 

cpiU. 

Height 

>»P,. 
cpill. 

Heat 

Dec.  23 

16.     6. 

I6 

676 

2-41 

18-225 

38" 

..    24 

20.    15. 

13 

"■435 

2-22 

18-223 

36i 

..    25 

22.   II. 

0 

13535 

2155 

18-225 

32! 

Jan.     I 

24.     8. 

4 

16-26 

2-095 

l8-2l6 

37 

2 

14.      5. 

4 

414 

2-515 

18-212 

37 

..      7 

22.    tl. 

6 

1371 

2-14 

18-20 
18-20 

37 

Experiment  made  with  this  apparatus  immersed  in  glass  vessel  of  water 
2ii  inch,  deep  and  9  in.  diam.,  the  appar.  being  immersed  to  such  a  depth 
that  the  top  of  the  ball  was  2  or  3  inches  under  water.  The  surface  of  5  in 
outer  leg  and  the  divisions  on  scale  being  seen  through  the  glass.  A  tin 
cover  was  fitted  to  the  glass  and  the  standard  thermom.  S  let  down  through 
a  hole  in  the  cover  so  that  its  ball  was  on  a  level  with  the  ball  of  the  appar. 
The  water  was  stirred  in  the  same  manner  as  in  the  preceding  exper.  and 
the  glass  was  supplied  in  the  same  manner  with  hot  water;  the  water  in  the  glass 
was  let  off  by  a  syphon.  The  brass  scale  was  fastend  firmly  to  a  board  by  that 
part  which  reached  above  the  vessel  of  water,  and  the  vessel  of  water  was  put 
up  without  disturbing  that  fastening,  so  that  the  inclination  of  the  brass  scale 
to  the  vertical  line  (if  any)  was  the  same  as  before  it  was  immersed  in  the  glass 
vessel,  and  consequently  the  point  of  the  scale  on  a  level  with  the  top  of  the 
capillary  was  the  same  as  before  it  was  immersed  in  the  glass  vessel. 

PThe  actual  measurements  of  the  thennal  expansion  of  the  air  were 
begun  in  the  late  afternoon  of  Dec.  25.  1779,  and  continued  on  that  day 
until  late  at  night.  They  were  resumed  on  the  following  morning,  and  were 
continued  on  successive  days  until  January  5th. 

In  principle  the  method  was  similar  to  that  adopted  in  the  measure- 
ments of  vapour  tension.  It  involved  reading  the  heights  of  the  mercury 
in  the  two  limbs  of  the  apparatus,  and  noting  the  height  of  the  barometer 
>  The  height  of  the  ^  in  the  outer  teg  was  such  that  no  air  enterd  into  the  ball 
thereby,  but  on  the  contrary  some  run  out. 


1 


J 
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at  each  reading,  together  with  the  temperature  of  the  water  in  which  tbt 
apparatus  was  immersed,  known  weights  of  mercury  being  added  or  with- 
drawn when  necessary,  so  as  to  keep  the  levels  in  the  two  limbs  at  cob- 
venient  heights  for  measurement.  The  range  of  temperature  was  between 
33"  and  150°.  All  the  details  of  the  observations  are  given,  together  with 
those  of  their  computation  and  reduction.  Cavendish's  object  was  ndi 
merely  to  ascertain  the  thermal  expansion  of  air,  but  to  determine  tbi 
effect  of  aqueous  vapour  on  its  expansibility.  Accordingly  on  January-  6 
after  it  had  been  ascertained  that  the  weight  of  mercury  in  the  apparatu: 
agreed  with  the  calculated  amount  to  within  4  grains,  some  w^ater  "purge* 
from  air"  was  introduced  into  the  apparatus  containing  the  air,  and  01 
the  evening  of  January  7,  the  observations  were  resumed  and  continue 
day  after  day  until  January  12,  when  the  weight  of  mercury  in  the  appara 
tus  was  checked  as  before.  In  this  second  series  the  range  of  temperatur 
was  from  about  32°  to  127°. 

The  results  of  these  observations  showed,  to  quote  Cavendish's  word 
that "  the  expansion  of  air  by  1°  is  n^r.  of  its  bulk  at  38°!^  or  ^ky  of  bulk  at( 
or  b}t  "f  ^^^^  ^t  50°." 

He  further  found 

that  the  increase  of  pressure  which  perfectly  dry  air  will  sustain  by  the  additit 
of  water,  supposing  the  bulk  to  remain  unaltered,  is  equal  to  the  depression 
the  barometer  by  water  [vapour].  The  depression  of  the  barometer  by  wat 
[vapour]  at  32°  —  -174.  So  that  the  increase  of  pressure  which  the  air  bore 
this  experiment,  on  the  addition  of  water,  fell  short  of  the  excess  of  the  depre 
sion  of  the  barometer  at  the  observed  heats  above  that  at  32  by  from  -04  to  -o 
so  that  it  should  seem  as  if  the  moisture  in  the  apparatus  [and  in  the  assumed  d 
air]  before  theadditionof  the  waterwas  sufficient  to  depress  it  from  4  toy— lootl 
of  an  inch. 

Of  course,  it  need  hardly  be  stated,  attempts  to  determine  the  expans 
biltty  of  air  by  heat  had  been  made  prior  to  the  time  of  Cavendish.  Tf 
necessity  of  knowing  its  amount  and  rate  was  perceived  long  ago,  originall' 
no  doubt,  on  account  of  the  use  of  air  as  a  thermoscopic  agent,  as  als 
from  the  recognition  of  its  bearing  on  astronomical  refraction  and  on  th 
determination  of  heights  by  barometric  measurements.  These  attempt 
date  from  the  end  of  the  17th  century  and  are  connected  with  the  name! 
amongst  others,  of  Amontons,  Nuguet  and  La  Hire  in  France,  Hawksbec 
Shuckburgh  and  Priestley  in  England,  Musschenbroek  in  Holland,  and  D 
Luc  in  Switzerland,  But  the  results  obtained  by  these  observers  wer 
widely  different,  partly  from  the  impwrfcction  of  the  methods  employed 
and  partly  from  the  unsuspected  influence  of  moisture  in  the  air  or  thi 
apparatus.  Cavendish's  results,  although  only  approximately  accurate,  an 
certainly  nearer  the  truth  than  those  of  the  majority  of  his  predecessors 
and  compare  not  unfavourably  with  those  of  Dalton  and  Gay  Lussac  madi 
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nearly  30  years  afterwards.  Cavendish's  values  were  doubtless  affected 
by  the  circumstance  that  the  air,  although  cooled  to  32°  F.  before  its 
introduction  into  the  apparatus  was  not  wliolly  free  from  moisture.  This 
was  recognised  by  Jiim,  as  he  clearly  states,  and  he  gives  an  approximate 
estimate  of  the  amount  of  moisture  which  was  probably  present.  He  had 
no  means  of  thoroughly  dr3'ing  the  air,  as  desiccating  agents  other  than 
dry  pearl-ash  and  filter  paper  were  unknown,  or  at  least  unused,  at  that 
period. 

But  the  interesting  fact  clearly  appears  that  he  definitely  recognised 
that  the  increase  in  volume  and  pressure  of  a  given  bulk'of  air,  which  may 
be  due  to  the  moisture  contained  in  it,  is  equivalent  to  the  tension  of 
aqueous  vapwur  at  the  corresponding  temperature,  as  measured  by  the 
depression  of  the  barometer,  whence  the  volume  of  the  dry  air  may  be 
ascertained.  He  thereby  anticipated  by  nearly  a  third  of  a  century,  a 
discovery  which  we  associate  with  Dalton.] 

Expansion  of  different  airs  by  heai.  The  app.  consists  of  a  barometer, 
ball  [bulb],  and  tube  about  inc.  long'  with  a  piece  of  a  thermom.  scale 
[of  wood  or  ivory]  fastend  to  it  and  inverted  into  a  glass  of  5  [mercury] 
which  is  placed  in  jar  of  water  in  which  the  water  by  means  of  syphon  is 
kept  Eilways  at  same  height. 

[He  begins  by  assuring  himself  that  the  thermometer  scale  is  accurately 
divided,  by  measuring  lengths  of  successive  intervals  of  10°] 

Measure  of  diviaons. 


•67  inc. 
1-33  M 
1-98  „ 
263  .. 
327  .. 
3-90    " 


■66 
■65 
■65 
■64 
■63 


S  [mercury]  required  to  fill  ball  and  tube  to  a  given  division. 


6644 
6828 

7070 


Do.  repeated. 


97-8 
73 


184 


6854 
7076 


iured.  it  was  omitted  to  be  inserted  in  the  space 
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Whence  the  capacity  [in  grain  measures]  answering  to  even  divisions  is  as 

follows :  Diff.  Diflf. 

100**  6634  ,0  £L        Q  74 

90         6707        '^  ^74 

io  6780        73  50  7002        74 

70  6854        74  40  7076 

These  exp.  agree  with  the  first  to  less  than  6  gra. 

By  mean,  i  inch  of  tube  holds  iii  of  2-  Diam.  glass  into  which  it  is 
inverted  varies  from  2-63  to  2-65:  by  mean  2-64;  and  i  cyl.  inc.  ^  of  that 
diam.  =  18800,  and  therefore  i  inc.  tube  holds  as  much  as  -0059  of  the 
glass  and  10  div.  hold  as  much  as  -00383  of  glass. 

When  $  in  tube  is  at  40,  $J  in  glass  is  1-03  below  that  divis.  and  the 
surface  of  the  water  in  the  large  glass  [jar]  is  8  in.  above  the  $J  in  the  glass, 
and  the  pressure  of  this  8  inches  =  '59 in.  of  ^ ;  and  therefore  when  ^  in  tube 
is  at  40,  the  press,  on  air  is  less  than  height  barom.  by  1-03  —  -59,  or 
•44  inc.  and  therefore  pressure  at  different  divisions  is  the  less  than  height 
barom.  by  quant,  in  following  table: 


Div. 

Quant. 

Diff. 

Div. 

Quant.          Diff. 

40 
50 

•44 
I-II 

67 

80 

66 
3-°9           64 

60 

178 

67 
65 

90 
100 

• 

3-73           63 
4-36 

70 

2-43 

d  on  the  means 

of  the  differences  respectively  in  capa 

,  the  foregoing  tables  are  then  expanded  as  follows:] 

Div. 

Capacity 

Prop,  parts 

100 

6634 

I 

7-4 

90 

6707 

2 

3 

14-8 

22-2 

80 

6780 

4 

29-6 

70 

6854 

5 
6 

37-0 

44-4 

60 

6928 

7 
8 

51-8 

59-2 

50 

7002 

9 

66-6 

• 

40 

7076 

10 

74-0 

Div. 

Press. 

Div. 

Press. 

Prop,  parts 

40 

•44 

75 

2-760 

I        0-065 

45 

775 

80 

3-090 

2  -13 

3  -195 

50 

I-IIO 

85 

3-410 

4           -26 

55 

1-445 

90 

3730 

5  -325 

6  -390 

60 

1780 

95 

4-045 

7         -455 

65 

2-105 

100 

4-360 

8  -520 

9  -585 

70 

2-430 

10         -650 
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[The  "airs"  experimented  upon  were:  common  air;  nitrous  air  (nitric 
oxide) ;  fixed  air  {carbon  dioxide) ;  heavy  inflammable  air  {presumably  gas 
from  charcoal) ;  dephlopsticated  air  (oxygen) ;  phlogisticated  air  {pre- 
sumably nitrogen);  inflammable  air  (presumably  hydrogen).  No  details 
are  given  concerning  the  preparation  of  these  "airs,"  nor  how  they  were 
introduced  into  the  apparatus;  presumably  they  were  collected  as  pre- 
pared over  water  in  the  customary  manner  and  were  therefore  saturated 
with  moisture.  Nothing  is  stated  of  the  way  in  which  the  "airs"  were 
heated  nor  are  any  details  gi\en  of  the  mode  in  which  the  observations 
were  made.  Presumably  the  heating  was  effected  by  pouring  hot  water 
into  the  jar  in  which  the  thermometer  wsis  suspended  and  adjusting  the  con- 
stant level  of  S  ins.  from  the  level  of  the  reservoir  of  mercurj'  by  the  syphon. 
The  experiments  seem  to  have  begmi  in  the  early  part  of  December  (year 
not  stated)  and  carried  on,  with  interruptions,  into  the  following  January. 
The  following  tables  are  transcribed  exactly  as  they  appear  in  the  notes. 

The  results  are  uncorrected  for  the  expansion  of  the  glass  "ball"  (bulb), 
and  of  the  mercury  at  the  different  temperatures.  It  is  unlikely  that  these 
corrections  were  overlooked  by  Cavendish  but  he  probably  considered  their 
influence  was  negligible  in  view  of  the  much  larger  errors  of  obser\"ations,3 

Exp.  with  common  air. 


Th 

Dit 

B.... 

C;g»c 

p™.. 

"fll- 

IwS," 

lo« 

u^ 

E<vui. 

tMC  -t-e     •• 

Dec.  5 

So' 

40 

18-85 

7076 

j8-4t 

Z^ 

■1535 

3033 

■03*4 

1-078 

66 

50 

— 

700J 

27-74 

8452 

443' 

2883 

•0174 

1-041 

37  *6      , 

52 

60 

— 

69^8 

1707 

8406 

43^5 

173' 

■0021 

1005 

41 

68 

28'87 

6869 

26-57 

8369 

4'44 

.613 

-9904 

.978 

17  15 

Thenu 

mberis 

set  down  85  in 

the  minutes  but 

must  certainly  be  a  mistake  for  80.                                                     1 

Nitrous  air 

».. Jf  £.,«- 

£>p«B 

wdf.      far.' 

Dec.  7 

835 

44-5 

29.37 

7"43 

28-63 

8470 

4568 

3046 

■OOJ9 

I-OI4 

l.ol7\ 

3.30  P. 

60-7 

62-5 

— 

6910 

■J7-43 

8395 

438J 

^777 

-9790 

■*>53 

■9»i 

Dec.  8 

54M 

67-6 

J9-S* 

6872 

27-15 

837  > 

4354 

27*5 

■9738 

■94» 

Wl 

9.50  A. 

43 

76-5 

— 

6806 

26-67 

83*9 

4*60 

1589 

■960a 

•913 

■913  1       t 

60-7 

643 

— 

6896 

2746 

8386 

4387 

2  773 

-9786 

■93» 

■»5<.|     3M 

68-3 

38-5 

— 

6939 

27.84 

84.3 

4447 

2660 

■9873 

-971 

^77 

895 

40'S 

7072 

S905 

8495 

4631 

3126 

-0139 

1-033 

-33 

68-3 

58-5 

J 

With  fixed  aj 

IT. 

86.5 

40-J 

29-54 

707s 

J9-09 

8497 

4637 

3134 

■0387 

1093 

l^l9^^ 

Dec.  8 

66-4 

57 

— 

6950 

27-97 

8420 

4467 

2887 

■0140 

'■"33 

•M      , 

0.30  P. 

463 

71-8 

2956 

6841 

27-01 

8331 

4315 

2666 

■9919 

■98J 

i.oP. 

68 

56 

— 

6938 

2805 

84»5 

4479 

1904 

■otJ7 

1-037 

85-8 

40 

— 

7076 

29-12 

8498 

4642 

3140 

■0393 

1-09S 

1.095-                             1 

Heavy  inflammable  air. 

44   70    —   6854  27-14  8339  4336  2695  -9886 

&5-8   54-5    —    6969   28-16   8432   4496  2928  -0119 

84    40    29-57   7076   29-13   8498   4643  3141  -0332 
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Dephlogisticated  air. 


Log. 

Log. 

Sum. 

Log. 

Do.  if 

Expan. 

l-h. 

Div. 

Bar. 

Capac. 

Press. 

capac. 

press. 

log. 

ex  pan. 

Expan. 

uaif. 

fori* 

Dec.  31 

94 

40 

29.9 

7076 

29-46 

8498 

4692 

3190 

-0526 

I-I29 

1-129^ 

2.0  P. 

93 

40-8 

29.9 

7070 

29-41 

8494 

4685 

3179 

-0515 

I-I26 

I-I26 

68 

635 

2993 

6902 

27-92 

8390 

4459 

2849 

-0185 

I  044 

1-054 

* 

5.0  P. 

45 

•  80 

30-00 

6780 

26-91 

8312 

4299 

261 1 

-9947 

-988 

.988 

I 
347 

68-8 

633 

30-00 

6904 

28-01 

8391 

4473 

2864 

-0200 

1-047 

1-056 

70-2 

62-4 

3000 

6910 

28-06 

8395 

4481 

2876 

-0212 

1-050 

i-o6o 

94-5 

40-6 

30-01 

7072 

29-53 

8495 

4702 

3197 

•0533 

1-131 

1-130, 

Nitrous  air 

i 

7.40  P. 

91*3 

405 

7042 

29-57 

8477 

4709 

3186 

•0485 

1. 118 

1-121^ 

• 

695 

59-5 

3004 

6932 

28-29 

8409 

4516 

2925 

-0224 

1-053 

1-059 

44 

78.3 

6793 

27-07 

8321 

4325 

2646 

-9945 

-987 

-987 

44-5 

78 

6795 

27-09 

8322 

4328 

2650 

•9949 

-988 

•988 

¥ 

67-5 

61-5 

6914 

28-16 

8397 

4496 

2893 

-0192 

1-045 

1-054 

^350 

925 

40 

7076 

29-60 

8498 

4713 

3211 

-0510 

I-I25 

1-125 

92 

403 

3004 

7074 

29-58 

8497 

4710 

3207 

•0506 

I-I24 

1-123 

Jan.  I 

67-5 

58-7 

29.79 

6936 

28-11 

841 1 

4489 

2900 

.0197 

1-047 

1-054 

10  A. 

67 

59 

6935 

28-10 

8410 

4487 

2897 

-0196 

1-046 

I-052> 

Phlogist.  air. 

Jan.  7 

86 

40 

29-76 

7076 

2932 

8498 

4672 

3170 

•0413 

1-099 

i-099> 
1-042 
.992 

O.IO 

65 

582 

29-72 

6941 

28-08 

8414 

4484 

2898 

•01 4 1 

I -033 

T 

1.20  P. 

46-5 

695 

29-69 

6858 

27-29 

8362 

4360 

2722 

-9965 

•992 

X 
369 

65 

565 

29-66 

6954 

28-13 

8422 

4492 

2914 

-0157 

1-037 

1.042 
i-097>' 

853 

40 

29-66 

7076 

29-22 

8498 

4657 

3155 

•0398 

1-096 

Inflammable ; 

adr. 

Jan.  I 
9.30  P. 

67-5 
52.5 

40-3 
515 

2985 

7074 
6991 

29.39 
28-64 

8497 
8445 

4682 
4570 

3179 
3015 

•0164 

1-039 

i    385 

More  air 

taken  out. 

Jan.  2 

59-8 

61-5 

30-01 

6917 

28-13 

8399 

4492 

2891 

-0040 

1-009 

i-oi4> 

9.30  A. 

42-6 

73-3 

3001 

6830 

27-37 

8344 

4373 

2717 

-9866 

.970 

•969 

43 

73-2 

3001 

6830 

2737 

8344 

4373 

2717 

-9866 

.970 

-970 

>    L 

60 

61-5 

30-02 

6917 

28-14 

8399 

4493 

2892 

-0041 

1-040 

I  01 5 

377 

86 

40-5 

3003 

7072 

29-56 

8495 

4706 

3201 

•0350 

1-084 

1 .084  > 

[All  the  coefficients  of  expansion  are  much  too  large,  but  the  results 
must  have  at  least  served  to  indicate,  as  indeed  Cavendish  would 
appear  to  have  recognised,  that  the  rate  between  the  limits  he  observed 
is  practically  uniform.  Moreover,  he  was  justified  in  inferring  that  it  is 
sensibly  the  same  for  all  gases,  the  difference  between  the  several  gases 
not  being  greater  than  that  found  on  a  repetition  of  the  experiments  on  the 
same  gas.  With  that  meticulous  sense  of  accuracy  which  was  characteristic 
of  him,  he  refrains,  however,  from  explicitly  stating  this  conclusion,  but  his 
claim  to  have  demonstrated  it  is  at  least  as  valid  as  that  of  "Citizen" 
Charles,  who  also  never  published  the  results  of  his  experiments,  which 
seemed,  if  we  may  judge  from  Guy  Lussac's  statement,  to  have  been  made 
subsequently  to  those  of  Cavendish.] 
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EXPERIMENT  PROPOSED   FOR   DETERMINING 

THE  DEGREE   OF    COLD    AT    WHICH   5   BEGINS 

TO   FREEZE^ 

{Shewn  to  Sir  J.  Banks  in  1781.) 

The  way  I  would  propose,  is  to  fill  the  cylindrical  glass  of  one  of  [thej 
thermometers  with  the  ivory  scales,  to  the  top  of  the  swelled  part,  so  as 
to  cover  the  ball  of  the  inclosed  thermometer  and  keep  it  in  a  freezing 
mixture  till  almost  all  the  5  in  the  cylinder  is  frozen ;  and  observe  what  heat 
is  shewn  by  the  inclosed  thermometer.  This  must  evidently  be  the  cold 
with  which  ?  begins  to  freeze ;  for  as  in  this  case,  the  ball  of  the  thermometer 
will  be  surrounded  for  some  time  with  5.  part  of  which  is  actually  frozen, 
it  seems  impossible  that  the  thermometer  should  be  sensibly  above  the 
point  of  freezing  5;  and  while  any  of  the  5  in  the  cylinder  is  unfrozen,  it  is 
impossible  that  it  should  sink  sensibly  below  that  point. 

From  the  Petersburg  experiments  of  freezing  §  I  think  it  appears 
clearly,  that  5  contracts  in  the  act  of  freezing,  or  that  2  takes  up  less  room 
in  a  solid  than  in  a  fluid  state,  and  that  the  very  low  degrees  to  which 
the  thermometers  sunk  in  that  experiment,  was  owing  to  this  contraction 
of  the  5  during  freezing  and  not  that  they  produced  a  degree  of  cold  any- 
thing near  equal  to  that  shewn  by  the  thermometer;  and  from  some  cir- 
cumstances of  the  experiment,  I  have  little  doubt  but  that  the  degree  at 
[which]  3  freezes  is  less  than  200°  below  nothing ;  for  which  reason  I  thought 
it  unnecessary  making  the  ivory  thermometers  reach  more  than  2  or  300 
degrees  below  nothing. 

If  a  thermometer  is  put  into  a  glass  of  water,  and  exposed  to  a  cold 
sufficient  to  freeze  it.  it  will  remain  perfectly  stationary  from  the  time  that 
the  water  begins  to  freeze,  till  it  is  intirely  frozen ;  and  will  then  begin  to 
sink  again.  In  like  manner  if  a  thermometer  b  dipt  into  melted  tin 
or  lead,  it  will  remain  perfectly  stationary  (as  I  know  by  experience)  from 
the  time  that  the  metal  begins  to  harden  round  the  edges  of  the  pot.  til] 
it  is  all  hardend,  when  it  will  begin  to  descend  again;  and  there  seems 
no  reason  to  doubt  but  what  the  same  thing  will  obtain  with  regard  to  §. 

The  method  which  I  would  use  in  trying  the  experiment  is  as  follows. 
Put  the  ivory  thermometer  prepared  as  abovementiond,  into  the  freezing 
mixture,  along  with  one  of  the  thermometers  with  wooden  scales;  taking 
care  that  none  of  the  mixture  gets  into  the  cylinder.  Then  as  soon  as  the 
5  in  the  cylinder  begins  to  freeze,  the  ivory  thermometer  will  become 

>  [Cf.  p.  57  and  p.  145.] 
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stationary,  but  the  wooden  one  will  still  continue  to  descend,  on  account 
of  the  contraction  of  the  $J  in  it  by  freezing.  Write  down  this  stationary 
degree  of  the  ivory  thermometer,  which  as  was  before  said,  is  the  heat  at 
which  the  ^  begins  to  freeze ;  and  keep  the  thermometers  in  the  mixture 
till  either  the  ivory  thermometer  again  begins  to  descend,  or  till  the 
wooden  one  becomes  stationary.  If  the  ivory  thermometer  begins  to 
descend  before  the  wooden  one  becomes  stationary,  take  it  out  and  see 
whether  the  ^  in  the  cylinder  is  frozen.  But  if  the  wooden  thermometer 
should  become  stationary  before  the  ivory  thermometer  ceases  to  be  so, 
as  will  most  likely  be  the  case,  it  will  be  necessary  to  refresh  the  freezing 
mixture  or  put  the  thermometers  into  a  fresh  mixture.  For  the  wooden 
thermometer  becoming  stationary  shows  that  the  mixture  is  no  longer  cold 
enough  to  freeze  5J.  In  this  manner  you  must  proceed  till  either  the  ivory 
thermometer  again  begins  to  descend,  or  till  you  have  reason  to  think 
from  the  time  which  it  has  continued  stationary,  and  the  very  low  degree 
to  which  the  wooden  one  has  sunk,  that  a  great  part  of  the  ^  in  the  cylinder 
is  frozen. 

It  is  not  impossible  but  what  the  ivory  thermometer  may  rise  suddenly 
some  degrees  on  the  ^  in  the  cylinder  beginning  to  freeze,  and  then  remain 
stationary.  At  least  this  is  what  happens  on  exposing  a  thermometer  in 
a  glass  of  water  to  the  cold.  But  this  would  cause  no  inconvenience  in  the 
experiment  as  the  point  at  which  it  remaind  stationary  would  still  be  the 
freezing  point. 

The  only  circumstance  I  can  think  of  which  can  prevent  the  success 
of  the  experiment  (except  that  of  not  being  able  to  produce  a  sufficient 
cold)  is  that  possibly  the  ^  in  the  ivory  thermometer  (as  being  in  vacuo) 
may  freeze  with  a  less  degree  of  cold  than  that  in  the  cylinder,  which  is 
compressed  with  the  whole  weight  of  the  atmosphere.  I  have  no  reason 
to  think  that  this  will  be  the  case ;  but  if  it  was  it  would  intirely  destroy 
the  success  of  the  experiment;  but  it  would  not  lead  to  error;  as  the  5  in 
the  ivory  thermometer  would  never  become  stationary.  If  this  was  found 
to  be  the  case,  it  would  be  proper  to  break  off  the  top  of  the  stem  of  the 
ivory  thermometer,  so  as  to  let  the  air  into  it;  and  try  it  over  again. 

Experiment  2.  The  above  experiment  gives  the  degree  of  cold,  as  shewn 
by  a  SJ  thermometer,  at  which  5?  begins  to  freeze.  But  it  is  not  unlikely 
that  it  may  require  a  much  less  alteration  of  cold  to  make  a  5  thermometer 
sink  a  given  number  of  degrees,  when  coold  almost  to  freezing,  than  when 
it  is  of  a  less  degree  of  cold ;  and  consequently  that  the  real  degree  of  cold 
at  which  §  freezes  may  be  much  less  than  that  shewn  by  the  thermometer. 
The  best  way  I  know  of  finding  whether  this  is  the  case  or  not,  will  be  as 
follows : 

Take  a  thermometer  with  a  ball  of  a  very  large  diameter;  and  keep  it  in 
a  freezing  mixture  till  it  is  coold  very  near  to  that  degree  at  which  it  is 
found  by  the  former  experiment  that  $  begins  to  freeze;  then  take  it  out. 
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wipe  off  slightly,  and  as  quick  as  you  can.  so  much  of  the  mixture  as 
adheres  to  it,  read  off  the  division;  and  plunge  it  into  a  glass  of  $  of  about 
the  temper  of  the  air  in  the  room,  and  whose  heat  must  be  previously 
found;  and  keep  it  stirring  about  till  you  have  reason  to  think  that  the 
thcmiomotcr  and  glass  of  5  are  both  of  the  same  heat;  and  write  down 
this  heat,  or  the  heat  of  the  mixture  as  I  shall  call  it.  Next  repeat  the 
experiment  in  the  same  manner;  only  making  the  thermometer  about  as 
much  warmer  than  the  glass  of  2,  as  it  before  was  colder;  and  find  the  heat 
of  the  mixture  as  before.  Then  if  by  this  means  you  find  that  the  difference 
of  heat  of  the  mLxture  and  glass  of  5.  bears  a  less  proportion  to  the  differ- 
ence of  heat  of  the  thermometer  and  glass  of  2  in  the  ist  experiment, 
than  in  the  2nd,  it  will  shew  that  5  expands  more  by  a  given  alteration 
of  heat,  in  a  very  great  degree  of  cold  than  in  a  more  moderate  one. 

Suppose,  for  example,  that  in  the  ]      ,  trial,  the  heat  of  the  5  in  the  glass  was 


;  and  the 


J-70  . 


heat  of  the  mixture  J     '  ,,;  consequently  the  difference  of  the  heat  of  the 


thermometer  and  glass  of  2  is  j 


;  and  the  difference  of  heat  of  the  mix- 


ture and  glass  of  ? 


120° 
'  (22°' 


Then  the  real  difference  of  heat  of  the  thermo- 


meter and  glass  of  ?,  in  the  1st  experiment  is  to  that  in  the  2nd  as 
20  :  22;  that  is  as  its  effect  in  altering  the  heat  of  the  mixture.  Therefore 
if  we  suppose  that  the  differences  of  heat  shewn  by  the  thermometer  in 
heats  greater  than  -  53°  are  proportional  to  the  real  differences  of  heat,  the 
real  difference  of  heat  of  the  thermometer  and  glass  of  8  in  the  ist  experi- 
ment is  83  X  |g  =  75°i;  and  therefore  the  true  heat  of  the  thermometer 
in  the  ist  experiment  is  —  50  —  75J  =  —  125°^,  instead  of  153°  as  shewn 
by  the  thermometer. 

N.B.  It  will  be  proper  to  repeat  this  experiment  with  very  different 
heats,  both  of  the  thermometer  and  glass  of  2,  in  order  to  judge  by  the 
agreement  or  disagreement  of  the  experiments  the  degree  of  accuracy 
which  can  be  expected  from  them. 

In  degrees  of  heat  between  freezing  and  boiling  water,  the  differences 
of  heat  shewn  by  a  2  thermometer  seem  to  he  actually  in  proportion  to 
the  real  differences.  For  if  equal  quantities  of  hot  and  cold  water  are  mixt 
together,  I  am  convinced  that  the  heat  of  the  mixture  is  very  exactly  the 
mean  between  the  heats  of  the  hot  and  cold  water.  Mr  De  Luc,  indeed, 
thinks  otherwise;  but  in  several  exf)eriments  which  I  made  with  as  much 
accuracy  as  I  could,  and  in  different  manners  of  trying  the  experiment, 
the  event  was  always  as  I  mention;  and  Mr  Smeaton  has  also  tried  the 
experiment  in  a  different  manner,  and  with  the  same  event. 
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[This  statement  appears  to  have  been  drawn  up  by  Cavendish  for  the 
information  of  the  President  of  the  Royal  Society  in  connection  with  a 
request  from  the  Society  that  the  Hudson's  Bay  Company  might  permit 
one  of  their  servants  to  make  the  suggested  observations.] 


COLD  PRODUCED  BY  RAREFACTION  OF  AIR 

Feb.  25,  1783. 

Over  the  cork  of  condensing  glass  of  air  pirnip  was  screwed  a  brass  cap 
A  as  in  fig.,  the  bore  of  the  hollow  cylinder 
being  not  much  more  big  enough  to  receive 
the  ball  of  the  thermometer  G  having  a  small 
hole  at  bottom  by  which  the  condensed  air 
escaped  on  opening  the  cock  and  blew  on  the 
ball  of  the  thermometer. 

Having  then  forced  one  additional  atmo- 
sphere into  the  receiver,  the  thermometer  sunk 
7  or  8°  on  letting  out  but  began  to  rise  again 
before  the  air  was  all  run  out. 

A  copper  globe  was  prepared  12  inches  in 
diameter  to  be  used  instead  of  condensing 
glass,  and  also  a  wooden  cap  like  A . 

Apr.  14.  With  small  thermometer  and 
brass  cap  A  globe  condensed  to  30  inches, 

thermometer  sunk  I4°J,  and  a  2nd  time  I5°i.    It  was  found  that  the  air 
ran  \  out  in  33". 

Apr.  15.  Thermometer  G  sunk  14°,  air  being  let  out  immediately  after 
it  Vas  condensed,  but  being  tried  again  after  waiting  10'  before  it  was  let 
out  it  sunk  I5°i.  Air  run  \  out  in  25". 

With  small  thermometer,  simk  I5°J,  waiting  10':  air  run  \  out  in  24". 

In  order  to  see  whether  thermometer  G  or  small  thermometer  coold 
fastest,  they  were  both  heated  in  hand  to  88°  and  exposed  to  air  [of]  room 
which  was  about  ^.  G  cooled  to  70°  in  70"  and  did  the  same  in  a  2nd 
trial:  small  thermometer  coold  as  much  in  50"  in  i  trial  and  in  60"  in 
another. 

1  [Not  stated.] 


Heat  and  Colli  hy  Condensatim  and  Kxpaniion  of  Air     385 

HEAT  AND  COLD  BY  EXHAUSTING  AND 
CONDENSING  OF  AIR 


Tried  with  Nairne's 

thermometer 

ball  =  -28  inch  in  diameter 

sed  in  condensing  glass. 

Heat 

Time. 

Heat    therm. 

I>o. 

March  10 

air      before 

after 

8.40  P. 

55° 

49  on  exhausting 

930 

55 1      55 

59  letting  in  air 

9.40 

56       55l 

49  exhausting 

iith   9.30  A- 

48       48 

5a  letting  in  air 

N.B.   It  rose  about  J"  out  of  this  4°  after  air  was  let  in. 

2.40  P.  55J      56        62J  condensing  i  atm. 

3.10  P.  55i      57        51  letting  out  air 

Tried  with  same  thermometer  in  a  thinner  glass  intended  only  for  exhausting. 
830  P.  55        53i      58  letting  in  air  after 

having  been  long  exhausted 
9-35 1'-  53        53        49i  on  exhausting 

N.B.   It  sunk  near  j"  after  the  exhaustion  was  finished. 
11.15P.  54J      53        57i  letting  in  air 

12th   8.30  A.  47^      47i      44I  on  exhausting 

9.30  A.  50         49i       5li  gage  sunk  to  i6i 

10.30  A.  51        50I      53  letting  in  remainder 

Tried  in  same  glass  with  Thermometer  C  -25  in.  diameter. 


ir-40  52 

Being  exhausted  to  within  -53, 


52        47  on  exhausting 


0.6  P. 
0.15  P. 


5zi 


52I 


52i 
52i 


not  altered  on  depressing 

gage  by  1-4 
54i  gage  sunk  \  way 
55  letting  in  remainder  of  air 


The  same  glass  witli  same  thermometer  in  it  was  exhausted  and  ther- 
mometer in  it  stood  long  stationary  at  52''i.  The  large  copper  globe 
heated  before  fire  was  then  screwed  on,  and  a  small  thermometer  placed 
in  the  side  hole  till  it  became  stationary  which  it  did  at  95°.  This  thermom. 
was  then  taken  out,  the  hole  screwed  up,  and  the  air  let  out  of  the  globe 
into  the  exhausted  glass  so  that  it  was  filled  with  air  of  95°  hot.  The 
included  thermometer  rose  to  57°^. 

March  12.  The  same  receiver  being  exhausted,  with  same  thermom. 
in  it,  and  kept  so  till  it  remained  stationary  at  49"  and  then  air  let  in  in 
common  manner,  thermom.  rose  5°. 
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The  mouth  of  one  of  the  large  globular  glasses  was  stopt  with  a  cork 
through  which  a  piece  of  barometer  tube  passed  reaching  to  near  bottom 
of  glass;  a  thermometer  was  also  fastend  to  the  cork  so  that  the  bulb 
was  near  the  center  of  the  glass.  This  glass  was  heated  before  the  fire  and 
then  suspended  over  the  receiver  of  the  air  pump  in  such  manner  that  the 
tube  enterd  into  a  hole  in  a  piece  of  wood  screwed  to  the  cock  of  the 
receiver  and  fitted  tight  into  it.  The  receiver  had  been  previously  ex- 
hausted, and  the  inclosed  thermometer  stood  stationary  at  49°  J ;  the  warm 
air  from  the  glass  was  then  let  into  it,  the  thermometer  in  which  was  at 
no®,  on  which  the  thermometer  in  the  receiver  rose  to  54° J. 

2  glass  tubes  were  prepared  with  brass  caps  with  a  kind  of  gimbals 
fastend  to  them  by  which  they  could  be  stretchd.  Both  tubes  were  about 
•22  in.  bore,  the  glass  of  one  being  about  -ii  and  the  other  about  -03  thick. 
A  thermometer  was  also  prepared  with  a  ball  -21  in.  diam.  and  a  scale 
like  Ramsden  so  that  it  would  go  within  these  tubes.  The  thick  tube 
with  this  thermom.  inclosed  in  it,  and  each  end  stopt  loosely  by  a  cork, 

was  then  stretchd  with  a  weight  of      "~~q~~  =  375»ooo  grains  which 

is  about  as  much  as  a  globe  of  glass  of  that  thickness  6  inches  in  diam. 
would  be  stretchd  by  3  atmospheres.  I  could  not  perceive  the  thermo- 
meter to  be  at  all  affected  by  that  stretching  or  taking  away  the  stretch. 
No  alteration  neither  could  be  perceivd  by  stretching  the  thin  tube  with 
the  same  weight. 

The  same  thermometer  was  inclosed  in  a  tube  of  the  same  size  and 
thickness  made  so  as  to  fit  on  to  the  air  pimip  so  that  the  air  in  it  could 
be  condensed.  It  seemed  to  rise  about  J°  on  forcing  in  i  atmos.  and  to  sink 
as  much  on  letting  it  out.  If  this  thermom.  was  placed  in  a  cup  of  oil 
it  alterd  not  more  than  ^  by  the  same  operation,  so  that  it  seemd  as  if 
it  alterd  rather  more  than  it  would  have  done  by  the  simple  pressure  on 
its  ball,  but  is  very  doubtful. 

A  cylind.  glass  bottle  about  5  inches  in  diam.  and  y\  high  in  the 
cylind.  part  with  a  brass  cap  to  fasten  it  to  the  air  pump  was  prepared, 
the  glass  being  much  thicker  than  usual.  A  receiver  also  was  prepared. 
A  receiver  also  about  6 J  in.  diam.  and  10 J  high  was  prepared. 

June,  1783.  This  bottle  with  the  small  thermometer  used  in  the  last 
experiment  in  it  was  screwed  on  to  air  pimip  and  the  air  condensed  i 
atmos.  The  thermometer  rose  5°  on  condensing  and  sunk  2°J  on  letting 
out  the  air:  the  event  being  the  same  in  2  trials. 

It  was  then  exhausted  2**  running,  to  within  3  inch,  when  it  sunk 
3°i  in  1st  trial  and  4°  in  2nd  and  rose  5®J  on  letting  in  in  both  trials. 

The  receiver  was  then  placed  over  the  bottle,  the  bottle  with  the  ther- 
mometer in  it  remaining  as  before,  so  that  the  air  in  the  receiver  was  not 
altered.  The  thermometer  then  rose  5°J  on  condensing  and  sunk  2°J  on 
letting  out  the  air.  It  also  sunk  3°  J  on  exhausting,  and  rose  5**  on  letting  in. 
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The  thermometer  was  then  placed  between  mner  and  outer  glass,  the 
bottle  as  before  so  that  the  air  between  the  glasses  still  remaind  un- 
affected. It  was  not  at  all  alterd  by  exhausting  or  condensing  the  air 
in  the  bottle  or  letting  the  air  in  or  out.  The  thermom.  was  then  placed 
in  bottle  left  open  and  inclosed  within  receiver,  the  air  in  both  being  con- 
densed and  exhausted.  It  then  simk  6°  on  exhausting  and  rose  5^f  on 
letting  in.  It  also  rose  5®  on  condensing  and  rose  [simk]  9°f  on  letting  out. 

The  bottle  with  the  thermometer  in  it  was  then  shut,  so  that  air  in  it 
was  unalterd;  the  air  in  outer  receiver  being  exhausted  or  condensed  the 
thermom.  was  not  at  all  alterd  thereby. 

The  thermom.  was  then  placed  between  the  two  glasses  where  the 
air  was  condensed  and  exhausted,  the  bottle  being  closed.  It  then  sunk 
i°J  on  exhausting  and  rose  2°  on  letting  in  air.  It  also  rose  2° J  on  con- 
densing and  simk  i^^J  on  letting  out  the  air. 

The  tube  of  the  thermometer  being  broke  in  this  experiment  and  con- 
sequently the  tube  remaining  open,  it  was  inclosed  in  bottle  and  that 
screwed  on  on  plate.  It  then  rose  5°*6  on  condensing  and  sunk  2**  on  letting 
out.  It  also  sunk  2**'i  on  exhausting  and  rose  5**'6  on  letting  in,  which  is 
pretty  nearly  the  same  as  it  did  before  it  was  broke. 


TABLE  SHOWING  DETAILS  OF  FOREGOING  OBSERVATIONS 


Bottle  screwed  on  with  thermometer  in  it. 

Time 

Heat 

951 

65° 

52  condensed  30  inches 

70 

56 

66 

57  let  out 

63* 

10.  I 

64f 

2  condensed  30  inches 

69i 

6 

66 

7  let  out 

63i 

14 

64i 

16  exhausted  to  27 

61 

23 

63i 

24  let  in 

68} 

28 

65 

30  exhausted  to  27 

61 

35 

63i 

36  let  in 

68f 

The  receiver  was  then  placed  over  it. 

45 

65i 

46  condensed 

7oi 

25—2 
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Time 

Heat 

10.50 

bf 

let  out 

64i 

55 

65i 

exhausted 

62^ 

11.3 

65i 

let  in 

70i 

Thermometer  placed  between  inner  and  outer  glass. 

4.31 

66 

33  inner  exhausted 

do. 

33 

do. 

air  let  in 

do. 

condensed 

do. 

let  out 

do. 

Thermometer  placed  in  inner  bottle  included  i 

in  receiver  in  which  last  the  air 

is  condensed  or  exhausted. 

5.19  bottle  open 

66 

22  exhausted 

60 

27 

.  65 

let  out 

70} 

35 

66} 

37  condensed 

7ii 

let  out 

62 

bottle  shut 

8.35 

63i 

45 

64 

47  condensed 

do. 

50 

64 

let  out 

do.          , 

9.12 

64J 

16  exhausted 

64I 

let  in 

64 

Thermometer  placed  between  inner  and  outer  glass,  air  between  them  con- 

densed and  exhausted:  inner  glass  closed. 

10.18 

67J 

29 

67i 

31  exhausted 

66i 

43 

67i 

air  let  in 

69i 

45 

69 

52 

68J 

condensed 

70J 

57 

69 

air  let  out 

67i 
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The  tube  of  thermometer  was  then  broke  and  consequently  remained  open: 
it  was  then  enclosed  in  bottle  and  screwed  on  on  plate. 


Time 

Heiit 

4.35 

117" 

condensed 

17-3 

^^m 

12 

^^^1                          let  out 

10 

^H 

10-4 

^^^^                         exhausted 

8-3 

^K 

II 

^^^                          let 

l6-6 

TO   TRY   WHETHER   DAMP 

AIR 

IS   OF   SAME 
SPEC.  GRAV.  AS  DRY 

[Suggested  experiment.] 

In  room  in  which  air  is  very  dry  fill  a  flask  with  the  air  of  a  room  by 
blowing  air  through  it  with  bellows  and  weigh  it  carefully.  Then  fill  it 
witli  damp  air  by  blowing  air  into  it  in  same  room  through  a  cylinder 
filled  either  with  fresh  water  or  water  more  or  less  impregnated  with  salt, 
or  filled  with  wet  paper  and  weigh  it  again. 

N.B.  For  fear  the  water,  etc.  in  the  cylinder  should  be  cooled  by  the 
evap.  it  will  be  more  accurate  if  the  cyl.  is  bent  so  as  to  be  immersed 
in  water. 


TO  SEE  WHETHER  BULK  OF  PERFECTLY  DRY 
AIR  IS  INCREASED  BY  SATURATING  WITH 
MOISTURE  IN  RATIO  OF  DEPRESSION  AS  THAT 
HEAT  BY  WATER  TO  PRESSURE  OF  ATMO- 
SPHERE  ON    IT  [«c] 

[Su^ested  experiment.] 

Fill  barometer  carefully  and  in  cold  weather. 
Let  in  air  through  cyl.  of  wet  paper  by  app. 
in  figure.  Try  it  carefully  in  different  heats. 
Then  let  in  a  little  water  and  repeat  the 
experiments.  It  may  be  calcidated  how  much 
the  depression  on  the  addition  of  water  should 
be  according  to  this  hypothesis  and  conse- 
quently whether  it  agrees  with  hypoth. 
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INSTRUCTIONS  TO  THE  CLERK  OF  THE  ROYAL 
SOCIETY  CONCERNING  THE  METEOROLOGI- 
CAL OBSERVATIONS  TO  BE  MADE  ON  BEHALF 
OF  THE  SOCIETY  AT  THE  SOCIETY'S  HOUSE 

IN  CRANE  COURTi 

That  he  [Mr  Robertson]  observe  the  heat  of  the  thermometer  and 
barometer  as  early  as  he  conveniently  can  in  the  morning  not  later  than 
7  o'clock  in  simimer  and  8  in  the  winter,  and  also  about  2  in  the  afternoon 
which  is  supposed  to  be  about  the  hottest  part  of  the  day. 

That  he  measure  the  rain  every  morning  about  the  same  time  as  the 
thermometer  except  when  the  quantity  is  trifling,  and  in  particular  on  the 
first  morning  of  each  month,  and  that  he  set  down  the  simi  of  all  the  quan- 
tities measured  in  each  month  except  on  the  ist  day  together  with  that 
measured  the  ist  day  of  the  succeeding  month  as  the  whole  quantity 
fallen  that  month,  and  that  he  also  set  down  the  quantity  fallen  each  year. 

That  he  set  down  each  day  the  direction  of  the  wind  and  its  strength 
together  with  any  other  observations  relating  to  the  weather  that  he  may 
think  fit.  It  will  be  sufficient  to  set  down  the  wind  once  each  day,  namely 
at  the  time  of  the  afternoon  observation  of  the  thermometer,  and  to  dis- 
tinguish its  strength  into  3  degrees,  namely,  calm,  brisk  and  violent. 

That  during  one  fortnight  of  the  year  he  observe  the  horizontal  and 
dipping  needle  5  times  a  day,  namely,  as  early  in  the  morning  as  con- 
venient, about  2  in  the  afternoon,  a  little  before  he  goes  to  bed,  and  about 
\  way  between  each  of  those  times  and  also  to  set  down  the  mean  variation 
and  dip  during  that  time.  As  to  the  dipping  needle  it  must  be  observed 
that  it  will  be  necessary  always  to  observe  whether  the  needle  is  truly 
ballanced  before  he  begins  his  course  of  observations,  but  if  it  is  then  found 
to  be  truly  adjusted,  I  imagine  there  can  be  no  danger  of  its  requiring  to 
be  readjusted  during  that  fortnight  in  which  it  is  proposed  to  observe 
it,  provided  care  is  taken  not  to  handle  it,  or  take  it  out  of  the  case  com- 
pass box  or  to  move  it  about  during  that  time.  But  as  to  this,  I  shall  be 
able  to  speak  more  positively  in  a  month  or  2.  If  this  is  found  to  be 
the  case  I  could  wish  the  Council  would  always  before  the  fortnight  of 
observation  desire  some  one  of  [the]  Society  to  examine  whether  the  needle 
was  adjusted,  and  if  not  to  make  it  so,  and  also  to  examine  at  the  end  of 
the  fortnight  whether  it  continued  so.  At  the  same  time  he  might  examine 
the  position  of  the  horizontal  needle.  I  would  propose  also  that  the  Clerk 
be  required  to  remind  the  Council  of  it  every  year  in  proper  time. 

It  is  proposed  that  the  greatest  and  least  heat  of  the  thermometer  in 
each  month,  together  with  the  mean  morning  and  midday  heat  of  each 

^  [Of.  p.  53  and  p.  112.]    * 
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month  and  each  year;  the  greatest  and  least  height  of  the  barometer  in 
each  month;  the  quantity  of  rain  in  each  month  and  each  year;  and  the 
mean  variation  and  dip  of  the  needle  in  each  year  be  printed  at  the  end 
of  the  last  part  of  the  Transactions  for  each  year. 

The  thermometer  is  proposed  to  be  placed  out  of  one  of  the  windows 
of  the  Norfolk  Library*  and  as  in  this  situation  the  sun  will  shine  upon  it 
in  the  morning  in  summer  it  is  proposed  to  fitt  a  piece  of  board  as  a  screen. 
It  could  not  be  placed  so  as  to  be  defended  from  the  sun  in  summer  unless 
it  was  placed  out  of  one  of  the  windows  of  the  lower  story  where  it  is 
imagined  the  situation  would  be  too  confined  to  show  the  heat  truly.  It  is 
supposed  to  be  unnecessary  observing  the  thermometer  indoors. 

The  rain  gage  is  proposed  to  be  placed  on  the  leads  of  the  house  not 
very  far  from  the  middle  and  raised  3i  feet  above  them,  that  is  on  a  level 
with  the  wooden  rails.  There  is  no  chimney  which  will  be  elevated  above 
it  in  an  angle  of  more  than       degrees. 

A  weathercock  is  proposed  to  be  placed  either  on  one  of  the  chimneys 
of  the  house,  or  on  the  wooden  rails  which  surround  the  leads,  which  may 
conveniently  be  seen  from  the  garden. 

The  barometer,  variation  compass  and  dipping  needle,  are  proposed  to 
be  placed  in  the  Norfolk  Library  and  a  mark  is  proposed  to  be  placed  on 
the  South  Wall  of  the  Museum  which  by  means  of  a  telescope  fixed  to  the 
compass  will  serve  to  place  it  in  the  proper  position. 

ATMOSPHERIC    REFRACTION 

Some  time  ago,  in  discoiu-sing  with  you  about  the  extraordinary 
refractions  which  Wales  observed  in  Hudson's  Bay,  I  said  that  if  the 
radius  of  curvature  of  a  ray  by  refraction  was  less  than  that  of  the  earth, 
I  did  not  see  how  it  was  possible  for  there  to  be  any  vbible  horizon ;  but 
on  considering  the  matter  further  I  find  that  it  is  possible. 

To  explain  this,  let  AB  represent  the  surface  of  the  sea,  and  CD  an 
arch  of  a  concentric  circle.   Sup- 


pKise  that  the  radius  of  curvature 
of  a  ray  of  light  passing  nearly 
horizontally  through  the  air,  at 
a  small  height  above  the  sea,  is 
less  than  the  radius  of  curvature 
of  the  earth;  and  suppose  that 

the  greater  the  height  of  the  ray  of  hght  above  the  sea,  the  greater 
'  [The  Arundel  or  Norfolk  Library,  Ex  dono  Henrici  Howard  Norfolciencis,  was 
presented  to  the  RoyaJ  Society  in  166&-7,  as  a  New  Year's  gift,  at  the  instigation  of 
John  Evelyn,  It  was  collected  by  Thomas,  Earl  o£  Arundel,  during  hb  embassy  at 
Vienna,  and  consists  chiefly  of  first  editions  of  books,  piibUshed  soon  after  the  in- 
vention of  printing  (Maitland).  It  may  be  regarded  as  the  nucleus  of  the  Society's 
Ubrary.  See  Weld's  History  oj  the  Royal  Society,  vol.  1.  196-] 
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its  radius  of  curvature,  as  it  is  natural  to  suppose;  so  that  at  the  height 
of  the  line  CD  above  the  sea,  its  radius  of  curvatiu"e  shall  be  exactly  equal 
to  that  of  the  arch  CD,  It  is  plain  that  no  ray  of  light  passing  horizontally 
at  a  greater  height  than  that  of  CD,  can  ever  fall  on  the  line  AB\  but  a  ray 
passing  horizontally  ever  so  little  below  that  height,  will  fall  on  it.  There- 
fore let  CB  represent  the  path  of  a  ray  of  light  passing  horizontally  at  an 
infinitely  small  distance  below  CD\  it  is  plain  that  no  object  on  the  earth 
can  appear  elevated  above  the  horizon  in  a  greater  angle  than  that  of  CBA  ; 
and  all  objects  beyond  a  certain  distance  will  appear  elevated  in  very  near 
that  angle;  and  consequently  the  visible  horizon  will  appear  elevated  by 
the  angle  CBA .  Moreover  if  the  height  of  the  line  CD  (and  the  refracting 
power  of  the  air  below  it)  is  such,  that  a  ray  of  Ught  coming  (to  the  obser- 
ver's eye)  from  an  object  at  no  very  great  distance  (from  him)  may  pass 
near  CD,  the  horizon  may  appear  distinct;  but  if  it  is  such  that  no  ray 
of  light  can  pass  near  CD  but  what  comes  from  a  very  distant  object  then 
the  horizon  must  appear  very  indistinct;  just  as  it  does  to  an  observer 
situated  on  a  very  high  mountain.  2ndly,  the  higher  the  observer  is 
above  the  sea,  the  less  will  the  visible  horizon  appear  elevated;  for  drawing 
the  concentric  circle  EF  between  AB  and  CD,  the  line  CB  cuts  EF  in  a  less 
angle  than  it  does  AB,  3rdly,  though  the  observer  is  near  land  the 
visible  horizon  will  appear  uniform,  as  in  the  open  sea;  for  as  objects  of 
very  different  distances  and  colours  will  all  be  crowded  into  the  same  point, 
they  will  exhibit  an  imiform  appearance;  but  objects  at  such  a  distance 
as  to  appear  much  below  the  visible  horizon  may  appear  distinct;  therefore 
an  observer  at  sea  near  the  shore  should  see  the  objects  on  the  shore 
distinct,  and  above  them  he  should  see  the  visible  horizon  appearing  like 
that  of  a  sea  placed  beyond  the  shore. 

N.B.  What  is  said  in  this  article  goes  on  a  supposition  that  the  height 
of  the  line  CD  above  the  level  of  the  sea,  is  the  same  over  the  land  as  over 
the  sea,  which  is  not  very  likely  to  be  the  case.  4thly,  if  a  distant  object 
appears  at  the  same  height  as  a  nearer  object  to  an  observer  near  the 
surface  of  the  sea,  it  must  appear  above  it  if  the  observer  is  placed  at  a 
greater  height,  as  would  be  the  case  if  there  was  no  extraordinary  refrac- 
tion ;  so  that  this  will  not  account  for  Wales's  seeing  the  fort  on  the  deck, 
but  not  at  the  mast-head.  As  for  what  Wales  says  about  the  islands  of  ice 
I  do  not  thoroughly  imderstand  him. 

THE  REFRACTION  ON  A  MOUNTAIN  SLOPE 

The  following  paragraph  is  extracted  from  a  paper  by  Sir  Joseph 
Larmor,  on  "The  Influence  of  Local  Atmospheric  Cooling  on  Astronomical 
Refraction,"  Monthly  Notices,  R,  Astronomical  Soc,  vol.  Lxxv,  1915: 

After  the  above  was  written,  it  was  found  in  looking  through  Henry 
Cavendish's  extensive  MS.  calculations  relating  to  the  planning  by  the 
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Royal  Society,  between  1772  and  1774,  of  the  SchehaJlien  experiment  for 
the  determination  of  the  Earth's  mean  density,  in  which  Cavendish  took 
a  very  prominent  part,  that  he  had  then  considered  the  problem  of  acci- 
dental refraction-error  due  to  the  mountain,  substantially  as  here.  If  the 
smnniit  is  colder  than  it  is  at  the  same  level  directly  above  the  foot  of  the 
mountain,  the  strata  of  equal  atmospheric  density  tilt  upward  towards  the 
summit;  and  the  apparent  position  of  a  star,  chosen  near  the  zenith  to 
avoid  ordinary  refraction,  will  be  deflected  away  from  the  mountain,  thus 
making  the  observed  effect  of  attraction  of  the  vertical  towards  the  moun- 
tain too  small.  Cavendish  calculated  roughly  that  for  a  defect  of  tempera- 
ture of  I2j°  F.  at  the  summit,  which  he  took  as  an  extreme  estimate,  and 
for  a  hill  sloping  at  21°  to  the  horizon,  the  error  would  be  about  o"'6  on 
each  side  of  the  hill,  depending,  as  we  have  recognised,  only  on  the  tem- 
perature difference  and  not  on  the  height.  The  formula  (A)  gives  for  a 
local  temperature  change  of  this  total  amount,  from  a  mountain  of  that 
slope  to  the  air  above  it,  a  value  of  about  o"-5  for  z  small,  if  the  strata  are 
taken  parallel  to  the  slope,  whereas  Cavendish  made  them  inclined  to  the 
slope  so  that  the  temperature  fell  along  it.  In  the  Schehallien  observations 
the  effect  of  the  attraction  of  the  mountain  came  out  as  ii"'6,  which 
Cavendish's  extreme  estimate  for  refraction  would  increase  by  10  per  cent., 
thus,  as  it  happens,  leading  to  consistency  with  modem  determinations. 
There  does  not  appear  to  have  been  any  attempt  to  apply  such  a  correction, 
either  to  Maskelyne's  Schehalhen  observations,  or  to  the  later  series  by 
Sir  Henry  James  at  Arthur's  Seat,  where  the  result  was  3  or  4  per  cent. 
too  small,  while  owing  to  flatter  conditions  the  refraction  error  would  be 
much  less:  see  the  account  in  Poynting's  Adams  Prize  Essay  of  1894  on 
The  Mean  Density  0/  the  Earth,  pp.  15-22. 

Note  added  by  Sir  Joseph  Larmor.  The  Schehallien  determination  of  the 
Earth's  mean  density  was  pubhshed  in  Phil.  Trans.  1798,  and  the  result 
of  the  Michel  1-Cavendish  vibration  experiments  in  Phil.  Trans.  1798.  They 
are  fully  described  by  Airy  in  his  treatise  on  the  "  Figure  of  the  Earth  "  in 
Encyclopaedia  Melropnlitana,  1830.  He  remarks  on  the  "\'arious  contri- 
vances of  practical  calculation  "  in  Mutton's  determination  of  the  attraction 
of  Schehallien.  and  he  adds  in  a  footnote,  "'Most  of  these,  it  appears,  were 
suggested  by  Mr  Cavendish.  And  it  appears  that  nearly  all  the  preliminary 
calculations  of  the  attraction  of  Skiddaw,  etc.  [which  had  been  suggested 
for  the  determination]  were  made  by  Mr  Cavendish."  as  he  had  learned 
from  inspection  of  the  Cavendish  Papers. 
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METEOROLOGICAL  OBSERVATIONS  AT 

MADRAS 

(Extract  from  a  letter  by  Cavendish.) 

In  England  the  heat  of  the  water  in  deep  wells  or  quick  springs  is  very 
nearly  equal  to  the  mean  heat  of  the  air,  and  it  seems  well  deserving 
inquiry  whether  it  is  the  same  in  other  countries;  for  if  it  is  so,  it  would 
afford  the  readiest  way  of  comparing  the  mean  heat  of  different  climates. 
As  your  correspondent's  observations,  if  continued,  will  tell  us  the  mean 
heat  of  the  air  at  Madrass  I  should  be  very  glad  if  he  would  also  try  the 
heat  of  the  water  in  wells  of  the  place,  the  deeper  and  less  exposed  to 
the  air  the  better.  It  will  be  sufficient  to  try  it  once  or  twice  at  opposite 
seasons  of  the  air  [sic],  but  if  he  would  be  so  good  as  to  try  it  on  2  or  3 
different  wells  it  would  be  the  better.  If  it  is  a  draw  well,  it  will  be  suffi- 
cient to  draw  up  a  bucket  of  water  and  try  the  heat  with  his  thermometer. 
If  it  is  a  piunp  I  would  reconmaend  to  him  to  pump  a  few  minutes  before 
he  tries  the  heat,  as  the  water  which  comes  first  is  what  is  contained  in  the 
body  of  the  pump,  which  perhaps  may  be  of  a  different  heat  from  that  in 
the  well. 

I  am  informed  that  the  usual  way  of  cooling  their  water  at  Madrass 
is  to  expose  it  to  the  open  air  in  porous  earthen  vessels.  I  should  be  very 
glad  if  he  would  now  and  then  try  the  heat  of  the  water  in  them  at  different 
times  of  the  day,  and  different  seasons  of  the  year,  and  also  set  down  the 
heat  of  the  air  at  the  same  time,  so  as  to  shew  how  much  the  water  is 
cooled  by  the  evaporation. 

If  there  should  happen  to  be  any  Taffoon  (typhoon)  while  he  is  there, 
I  could  wish  that  he  would  observe  the  alterations  of  the  barometer  and 
wind  and  weather  as  closely  as  he  conveniently  can  from  the  time  of  the 
first  presages  of  it  to  the  end,  and  that  if  he  has  an  opportunity  he  would 
endeavour  to  collect  how  far  it  extended  and  at  what  time  it  began  and 
ended  at  different  places ;  and  that  he  will  set  down  any  other  circumstances 
which  may  occur  to  him  that  he  thinks  will  tend  to  make  us  better  ac- 
quainted with  the  nature  of  those  extraordinary  phenomena. 

The  ^exposition  of  your  correspondent's  thermometer  without  doors, 
which  was  placed  under  a  shady  tree,  seems  not  quite  unexceptionable,  as 
I  am  afraid  that  the  air  under  the  tree  may  be  cooled  by  the  evaporation 
from  the  leaves.  What  confirms  me  in  this  opinion  is  that  the  thermometer 
without  doors  was  seldom  hotter  than  that  within  doors  in  the  middle  of 
the  day,  and  was  commonly  considerably  cooller  in  the  morning,  whereas 
if  it  had  not  been  for  that  cause  I  imagine  the  thermometer  without  doors 
would  commonly  have  been  considerably  hotter  than  that  within  doors  in 
the  middle  of  the  day. 
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All  the  portable  barometers  of  Ramsden  which  I  have  seen  have  a 
Vernier  division  by  which  we  may  observe  the  height  to  rooths  and  20oths 
of  an  inch,  and  have  a  screw  at  the  bottom  by  which  the  quicksilver  in 
the  cistern  may  be  adjusted  to  the  proper  height.  If  it  would  not  be  too 
much  trouble  to  your  correspondent,  it  would  be  better  if  he  would  set 
down  the  height  of  the  barometer  to  hundredths  of  an  inch,  and  it  would 
be  more  satisfactory  if  he  would  mention  whether  he  frequently  adjusts 
the  quicksilver  in  the  cistern  or  whether  he  trusts  to  its  remaining  always 
the  same.  I  need  not  say  that  if  a  person  would  be  acciirate  in  his  observa- 
tions he  should  examine  the  height  of  the  quicksilver  in  the  cistern  fre- 
quently. 


CAVENDISH'S   REGISTERING   THERMOMETER 


In  Wilson's  Life  of  Cavendish,  p.  477,  is  a  description,  with  illustrations, 
of  a  Registering  Thermometer  contrived  by  Cavendish.  The  account  is  as 
follows : 

"The  above  figures  [p.  396]  represent  a  front  and  back  view  of 
Cavendish's  Register  Thermometer.  This  instrument  was  presented  by 
Sir  Humphry  Davy  to  Professor  Brande,  and  is  included  in  the  collection 
of  old  apparatus  in  the  Royal  Institution. 

This  instrument  consists  essentially  of  a  large  glass  tube  containing 
alcohol,  the  expansion  and  contraction  of  which  acts  upon  mercury  contained 
in  the  recurved  or  inverted.syphon-termination  of  the  tube.  A  considerable 
portion  of  the  alcohol  tube  is  exposed  to  the  atmosphere,  but  it  is  sheltered 
from  the  rain  by  a  roof-like  cover.  The  only  opening  in  this  tube  is  at 
the  top  of  the  left-hand  limb  of  the  sj'phon.  The  surface  of  the  mercury 
here  carries  an  ivory  float,  from  the  top  of  which  proceeds  a  silken  line, 
and  this,  passing  twice  round  the  periphery  of  a  wheel  grooved  for  the 
purpose,  falls  down  and  hangs  loosely,  with  a  small  balance  weight  at  its 
extremity. 

The  register  is  performed  in  the  following  manner:  The  axis  of  the 
wheel  which  carries  the  cord  carries  also  a  light  index  hand:  this  hand 
moves  in  a  vertical  plane  some  distance  behind  the  graduated  circle;  but 
near  the  top  of  this  hand  projects  a  short  horizontal  piece  carrjdng  a  ver- 
tical needle  which  in  the  right  hand  figure  is  now  pointing  at  50°.  On  either 
side  of  this  index  is  a  friction  needle,  which  accompanies  the  index  to  the 
extreme  limit  of  its  range,  and  stops  there.  In  the  figure  we  may  suppose 
the  index  hand  to  have  advanced  to  nearly  80°  on  one  side,  and,  having 
pushed  the  friction  hand  thus  far,  the  alcohol  began  to  contract,  the  index 
to  recede,  thus  leaving  the  friction  hand  to  record  the  highest  temperature 
that  had  been  attained.   The  alcohol  continuing  to  contract,  the  index 
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would  recede  until  it  came  in  contact  with  the  friction  band  on  the  other 
side:  here  the  extreme  limit  appears  to  have  been  something  below  40°; 
the  temperature  then  beginning  to  rise,  the  index  hand  had  reached  50° 
at  the  time  of  observation. 

In  order  to  make  a  new  observ-ation,  a  bent  lever  (which  in  the  figure 
appears  to  be  pointing  near  30^)  is  turned  round  by  means  of  a  central 
thumb  screw,  first  on  one  side  and  then  on  the  other,  so  as  to  place  the 
twv  friction  hands  in  contact  with  the  index  hand  at  the  point  indicated 
at  the  time  of  setting.  The  instrument  is  then  left  to  itself,  and  after 
REOISTKR  THERMOMETER. 


sooK  bows,  or  next  dav,  tbe  frktioo  haods  wiD  be  ioaod  sepantcd  1 
beloe. 

Tbe  two  faces  are  gUaed  witb  plate  ^ass.  and  a  bde  is  m 
^as&  in  tbe  rigbt  band  f^are  Vat  aDoving  tbe  tbomb-saev  to  pass  « 
Tbe  ktwer  part  ol  thE  glass  is  cornered  witb  tin-loS  to  tbe  bei^  of  a 
%  incbes.  Botb  faces  are  vogxmva  provided  with  dooR.  wbidi  cfaec  a 
a  spring.  Tbrse  doors,  and  tbe  outer  case,  are  of  sbeet  asd  bar  iron,  a 
tbe  wbole  is  nry  bea\y.  Tbe  wbole  bei^M,  favn  tbe  base  to  tbe  ridgie  % 
tbe  oowr.  t$  about  iS  incbes:  tbe  be^t  of  tbe  ^aed  part  is  xt\  im 
and  h  ts6  incbes  aooss. 

Tbe  tvass  b«ck  of  tbe  nstmaent  (left-hand  fie^"*)  ^  fwniAed  1 
>— ber  of  faoiectMig  brass  pejp:  tbe  top  now  ceasists  of  4  pe^  the  » 
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outer  ones  of  which  have  sharp  points;  all  the  others  being  blunt  or  roun- 
ded. I  have  not  been  able  to  discover  the  object  of  those  pegs,  but  Pro- 
fessor Brande  informs  me,  that  when  the  instrument  came  first  into  his 
possession  a  number  of  pieces  of  bibulous  were  stuck  upon  them,  the  object 
of  which  was  probably  to  keep  the  interior  of  the  instrument  dry. 

The  instrument  is  now  quite  out  of  order:  the  alcohol  appears  to  have 
oozed  out,  probably  by  capillary  action;  the  glass  is  also  in  some  places 
corroded  by  the  mercury,  as  we  often  see  in  old  mstruments  in  which 
impure  mercury  has  been  used." 

Among  the  Cavendish  MSS.  preserved  at  Chatsworth  is  an  account  of 
the  calibration  of  this  instrument,  which  seems  to  have  been  devised  in 

Float  Thermometer. 


1779,  whilst  he  was  still  living  with  his  father  at  Great  Marlborough  Street. 
The  account  is.  of  course,  only  of  historical  interest,  but  it  is  here  repro- 
duced, with  the  accompanying  figures  in  facsimile,  as  another  illustration 
of  the  love  of  accuracy  and  scrupulous  attention  to  detail  which  charac- 
terised all  Cavendish's  experimental  work. 

"June  12,  1779.  The  proportion  of  the  bore  of  the  2  legs  to  each  other 
tried  by  filling  the  th.  with  spts.  with  some  5  in  the  legs  with  the 
brass  frame  fastend  on  and  heating  the  cylinder  in  sand  in  the  position 
of  fig.  2." 

[The  heights  of  the  mercury  in  the  two  limbs  of  the  U  tube  were  then 
read  to  5ooths  of  an  inch  as  the  position  of  the  mercury  was  caused  to 
fiuctuate  by  the  expansion  and  contraction  of  the  spirit,  whereby  the 
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alteration  in  the  bore  of  the  tube  in  which  the  float  was  to  be  placed  could 
be  ascertained.  The  observations  extended  over  several  days.  On  June  17, 
we  read,  "The  $  was  got  out  and  a  proper  quantity  of  spt.  put  in  and 
compaird  in  freezing  mixt.  [ice  and  salt?]  with  the  standard  [thermo- 
meter] 5  in  position  of  fig.  i." 

A  large  number  of  comparisons  were  made  at  different  temperatures  by 
the  same  thermometer  and  after  certain  corrections  for  expansion  of  the 
scale,  etc.  had  been  made  a  table  was  constructed  showing  the  height 
of  mercury  in  the  leg  corresponding  to  the  true  temperature.] 

It  was  found  by  putting  on  the  float  and  observing  what  division  on  the  scale 
the  bottom  of  the  float  answered  to  when  the  hand  stood  at  a  certain  mark  on 
the  dial  plate  and  when  it  was  turned  round  one  revolution  that  i  revol. 
answered  to  5-258  on  scale  or  5-516  inches.  A  piece  of  tin  with  two  holes  in  it 
at  a  proper  distance  was  fastend  to  the  scale  to  enable  the  eye  to  look 
perpend,  and  avoid  parallax;  therefore  i  divis.  on  scale  answers  to  7-832  mins. 
Therefore  the  angles  answering  to  different  degrees  on  divided  circle  are  as 
follows: 

Deg.  Angle  DiflF.  Deg.         Angle  Diff. 


0- 

0 

19 

II 

38 

54 

59 

8 

80 

24 

102 

5 

.0 


—  10  O"     O  o       /  o     -/  21^40 

O  10    II  ^^    ^^  ^^  ^^\    ^^  22    42 

TO  C18  <A  ^9  43  60  146  27  'T 

'"^  38  54  20  14  70  169  18  ^^  5^ 


20    59  8       '       '  '  23  14 

^^  21  16        80  102  32  ^   ^ 

30    80  24  ^^  -^  24   9 

•*  ^  21  41        90  2X6  41  ^   ^ 

40   102  5      ^       ^  ^  24  40 

^  •^                100  241  21  ^  ^ 
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MATHEMATICAL   AND  DYNAMICAL 

MANUSCRIPTS 

Arranged  and  Described  by  Sir  Joseph  Larmor,  F.R.S. 

It  is  difficult  to  advance  any  definite  dates  for  this  part  of  Cavendish's 
activity.  One  thing  that  emerges  clear  is  that  the  elucidation  of  physical 
and  astronomical  phenomena  by  mathematical  thought  was  one  of  his  main 
permanent  interests:  and  if  he  had  no  other  claim  to  renown  he  would  be 
entitled  to  rank  high  among  the  theoretical  physicists  of  his  period,  though 
more  deeply  versed  {as  was  then  usual  in  England)  in  the  physical  signifi- 
cance than  in  the  formal  perfection  of  the  analysis. 

His  more  special  occupation  with  Physical  Astronomy  and  with  the 
Dynamics  and  Figure  of  the  Earth  may  fairly  be  held  to  centre  around 
the  year  1773 ;  for  at  that  time  he  was  very  actively  engaged  in  forwarding 
the  enterprise  of  the  Royal  Society  for  the  determination  of  the  mean 
density  of  the  earth,  and  was  indeed  the  guiding  spirit  in  that  project. 
This  period  is  usually  considered  to  have  been  barren  as  regards  physical 
astronomy  in  Britain:  but  tliough  the  improvement  of  analysis  and  the 
conduct  of  surveys  fell  mainly  to  the  share  of  France,  these  papers  inci- 
dentally afford  evidence  that  the  Schehallien  determination  of  the  Earth's 
mean  density  was  not  an  isolated  episode.  The  dynamical  principles  guiding 
the  rising  science  of  Geodesy,  and  their  physical  outcome,  as  distinct  from 
mathematical  method — the  practical  discussion  of  the  relation  of  the 
geometrical  form  of  the  Earth  to  gravity  surveys  by  i>endulum,  the 
dynamical  variation  of  latitudes,  the  investigation  and  control  of  atmo- 
spheric refraction — were  elucidated  with  knowledge  and  insight  worthy  of 
the  secular  observations,  involving  the  discovery  of  Precession  and  Nutation 
and  of  Aberration,  organised  by  the  previous  generations  of  British  workers. 
And  it  is  to  be  noted  that  though  the  scientific  discussions  in  the  papers 
here  described  were  never  given  to  the  world,  and  Britain  seems  to  have 
been  then  largely  isolated  except  in  mechanical  construction,  yet  they  were 
in  the  hands  of  Maskelyne  and  Hutton  and  the  other  writers  who  compiled 
the  published  accounts,  and  of  the  committees  with  which  they  worked, 
and  were  in  fact  drawn  up  for  their  use. 

The  time  and  concentration  required  for  the  effective  prosecution  of 
such  studies  over  so  wide  a  range,  especially  when  combined  with  the 
fundamental  experimental  determinations  in  other  sciences  that  went  on 
in  the  same  years,  were  amply  sufficient  to  account  for  the  strengthening 
of  Cavendish's  habits  of  reserve  and  isolation.  He  was  a  natural  philosopher 
so  profound  and  universal  as  to  have  no  time  to  be  anj'thing  else. 
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FRAGMENTS  ON  MATHEMATICS 

Cavendish  seems  to  have  spent  much  time  perhaps  at  an  early  period  on 
mathematical  investigation :  and  like  other  great  physicists  he  was  equally 
at  home  in  algebra  and  in  arithmetical  calculation.  The  manuscripts 
appear  to  be  in  no  case  mere  copies  from  other  sources,-  but  reflect  the 
writer's  own  thought.  Though  hampered  in  analysis  by  the  fluxional 
method,  it  is  clear  that  his  mathematical  powers  were  of  a  high  order. 

It  will  be  sufficient  as  an  indication  of  the  range  of  his  activity  to  give 
brief  references  to  some  of  the  more  striking  papers.  He  seems  to  have 
been  making  preparations  at  one  time  for  a  book  on  trigonometry.  There 
exists  a  preliminary  syllabus  for  a  treatise  on  the  principles  of  mechanics. 

A  fragment  on  the  axioms  of  geometry:  "  If  a  line  be  of  such  a  nature 
that  no  part  of  it  can  be  made  to  pass  through  different  points  while  the 
extremities  of  it  remain  fixed,  it  is  called  a  straight  line:  otherwise  it  is 
called  a  curve  line."  ". . .  A  straight  line  is  shorter  than  any  other  line  which 
can  be  drawn  between  2  points;  for  if  this  is  denied  it  must  be  said  that 
there  may  be  drawn  some  curve  line  between  the  2  points  which  is  either  as 
short  or  shorter  than  any  line  which  can  be  drawn  between  those  points, 
'but  that  has  been  shown  to  be  impossible.'" 

Problems  of  geometrical  maxima  and  minima,  e.g.  the  circle  has 
greatest  area  for  given  perimeter,  developed  at  considerable  length.  "On 
the  best  proportion  of  the  circles  for  the  carpenter's  oval." 

" Surface  of  a  cone  cut  by  oblique  plane "  expressed  by  a  series.  "That 
sections  of  spheroids  and  paraboUc  cones  are  ellipses." 

Dissection  of  a  parallelogram  so  as  to  form  another  parallelogram. 

"  To  find  the  shape  of  a  parallelopiped  from  its  appearance  to  the  eye." 

A  summary  of  spherical  trigonometry.  "  As  to  supplemental  triangles 
in  sph.  trig." 

A  discussion  of  the  form  of  triangles  for  which  errors  of  measurement 
entail  least  results:  "Fluxions  of  plane  triangles." 

A  detailed  discussion  of  the  theory  of  deviation  from  a  mean,  in  the 
form — Let  A  and  B  whose  chances  of  winning  are  as  a  :  6  play  a  very 
great  number  (n)  of  games  together,  to  find  the  probability  that  A's  gains 
neither  exceed  nor  fall  short  of  the  probable  estimate  by  more  than 
p  y/n  stakes. 

The  ways  of  paying  a  given  sum  in  coins  of  x,  y,  and  z  units. 

A  nimiber  of  problems  in  algebra,  sometimes  worked  out  in  extensive 
detail,  such  as  "To  find  3  or  4  numbers  the  sum,  simi  squares,  sum  cubes 
and  sum  fourth  powers  being  given." 

Newton's  rule  for  interpolations:  with  numerical  table  headed  "Inter- 
polating by  second  differences,  correction  to  be  added  or  subst.  to  number 
formed  by  ist  diff." 
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OPTICAL  FRAGMENTS 

There  is  a  discussion  "of  the  figure  of  glasses  necessary  to  bring  rays 
to  a  focus  and  of  the  aberration  of  rays";  also  on  the  error  of  deviation 
due  to  a  prism  being  placed  slightly  out  of  the  plane  of  symmetry  and  the 
position  of  symmetrical  deviation. 

There  is  a  calculation  "on  the  aberration  in  reflecting  telescopes  used 
in  HerscheJ's  manner";  and  another  with  numerical  values  "on  the 
aberration  of  rays  passing  through  a  spherical  lens." 

There  is  a  discussion  of  the  best  conditions  for  vision  of  the  wire 
micrometer. 

He  took  an  interest  in  the  chromatic  aberration  of  Ught,  and  made 
many  experiments  on  the  compensation  of  prisms  of  various  materials 
solid  and  liquid,  with  mathematical  calculations,  between  1770  and  1790. 
It  does  not  appear  that  any  distinct  conclusions  emerged.  There  is  a 
fragment  on  the  condition  for  an  achromatic  object  glass:  Dollond,  who 
perfected  the  achromatic  telescope,  died  in  1761. 

In  other  fragments  the  problem  of  astronomical  refraction  is  discussed 
in  general  terms:  especially  he  considered  that  the  effects  of  moisture  and 
temperature  of  the  air  required  separate  discussion  and  investigation.  His 
estimate  of  the  effect  of  temperature  on  observations  on  a  mountain  slope  is 
reprinted  below  (p.  406).    As  regards  local  refraction  in  an  observatory: 

If  the  strata  of  air  near  the  opening  of  the  observatory  and  within  the 
observatory  were  horizontal  it  would  certainly  be  right  to  place  the  themio- 
meter  by  which  you  estimate  the  heat  as  near  as  possible  to  the  object  glass: 
but  in  reality  I  imagine  that  they  will  be  far  from  horizontal,  and  consequently 
there  is  so  little  dependance  upon  that  part  of  the  refractionwhich  the  ray  suffers 
in  passing  from  the  outside  of  the  observatory  to  the  object  glass  that  it  seems 
indifferent  whether  the  thermometer  is  placed  within  or  on  the  outside  of  the 
observatory,  from  which  I  think  the  only  way  to  be  exact  is  to  endeavour  to 
make  the  air  inside  the  observatory  as  nearly  of  the  same  heat  as  that  outside 
as  possible,  though  I  imagine  astronomers  will  not  think  this  a  very  pleasant 
method  in  winter. 

He  discusses  the  correction  of  the  refraction  for  variations  of  the 
thermometer  and  barometer. 

An  estimate  is  made  of  the  amount  of  light  stopped  in  passing  across 
a  shower  of  rain. 

ATTRACTIONS  AND  GEODESY 
There  is  a  set  of  carefully  prepared  manuscripts  mainly  discussing  the 
conditions  of  choice  of  a  moimtain  for  observation  of  deflection  of  the 
plumb-line,  preparatory  to  the  SchehaLien  experiment,  probably  for  the 
use  of  the  Committee  of  the  Royal  Society  (1772-4).  One  of  them  is 
entitled  in  another  hand  "Mr  Cavendish's  rulc-s  for  computing  the  at- 
traction of  mountains  on  plumb-lines," 
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There  is  a  manuscript  "On  the  choice  of  hills  proper  for  obi 
attraction:  given  to  Dr  Franklin,"  which  begins  as  follows:  "The 
Society  are  desirous  of  making  some  experiments  to  examine  wheth 
are  capable  of  exerting  any  sensible  attraction,  and  how  great  it 
means  of  determining  the  mean  density  of  the  Earth :  and  they 
search  of  hills  proper  for  the  purpose " 

Another  packet  is  entitled  "Computation  for  Skidda,"  Near  the 
his  "Figure  of  the  Earth,"  Airy  refers  to  Hutton's  calculations  (Phil. 
1778)  for  the  reduction  of  the  Schehallien  observations : "  Indeed  the  ■ 
contrivances  of  calculation  in  this  Paper  uill  be  found  well  woi 
attention  of  any  practical  person."  In  a  footnote  he  adds  "Most  0 
it  appears  were  suggested  by  Mr  Cavendish.  And  it  appears  that 
all  the  preliminary  calculations  of  the  attraction  of  Skiddaw,  et< 
made  by  Mr  Cavendish.  This  we'  have  ascertained  from  an  inspec 
his  papers,  which  we  have  had  an  opportunity  of  examining  throu 
kind  permission  of  his  Grace  the  Duke  of  Devonshire." 

There  is  a  manuscript  entitled  "Paper  given  to  Maskelyne  relai 
attraction  and  form  of  the  Earth"  to  which  the  following  letter 
It  is  addressed 

To  the  Hon"'*  Henry  Cavendish 

at  Lord  Charles  Cavendish's 

Great  Malbro'  Street. 

Greenwich  Jan.  5  17; 


Dear  Sir, 


Inclosed  I  return  you  your  rules  and  directions  for  the  chi 
hills  having  a  considerable  attraction;  which  I  have  taken  the  liberty  t 
a  copy  of:  I  think  them  well  calculated  to  procure  us  the  information  : 
wanted.  According  to  your  Table,  I  should  estimate,  that  the  vulley 
Glent-Tilt,  lying  on  the  N.W.  side  of  the  mountain  Ben-Glae  in  Sec 
should  produce  a  defect  of  attraction  on  the  two  opposite  sides  of  36",  sup] 
the  mean  depth  1000  yards,  the  shape  spheroidical  and  the  length  of  the 
8  miles,  the  breadth  4  miles  (I  beheve  it  is  less)  and  the  angle  which  the  dir 
of  the  valley  makes  with  the  meridian  50".  Col,  Roy,  from  whose  account 
dimensions  are  taken,  says  it  makes  an  angle  of  50°  or  more  with  the  true  mer 
If  the  mean  density  of  the  earth  exceed  that  at  the  surface  5  times*,  thei 
still  remain  7"  attraction.  I  think  the  dimensions  of  this  extraordinary  < 
deserve  a  more  particular  inquiry.  I  shall  be  obliged  to  you  for  a  line  to  acq 
me,  whether  you  found  any  thing  material  in  those  papers  of  the  late  Mr  Re 
which  you  examined  that  have  not  been  printed ;  as  the  proof  of  Mr  Call's  ] 
(making  mention  of  them  at  the  end  of  his  account  of  the  draught  of  tl 
signs  in  an  Indian  Pagoda)  is  now  in  my  hands;  and  I  would  add  a  note  e 
the  papers.   I  am  Sir, 

Your  very  humble  Servt, 

N.  Maskelyne. 
■  [As  regards  this  excessive  estimate,  cf.  p.  404.] 
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The  deviation  of  the  piumb-iine  by  the  tides  was  under  discussion  as 
the  two  following  extracts  show: 

Suppose  that  the  tide  in  the  Bristol  channel  rises  50  feet  that  the  channc 
is  10  mile  broad  (which  I  imagine  must  be  its  iitmost  breadth  in  any  part  where 
the  tide  rises  to  that  height)  and  that  it  is  extended  infinitely  i>oth  ways  in 
length  in  a  straight  line:  suppose  too  that  at  high  water  the  sea  touches  the 
bottom  of  the  cliff  and  retreats  50  feet  from  it  at  low  water:  the  difference  of 
attraction  at  high  and  low  water  on  a  particle  of  matter  at  the  foot  of  the  cUff 
is  797  feet,  which  would  make  the  plumb  Une  deviate  i  j  seconds  if  the  mean 
density  of  the  earth  is  the  same  as  that  of  the  surface. 

If  the  sea  retreats  400  feet  from  the  cliff  at  low  wafer  everything  else  tieing 
the  same  the  dilference  of  attraction  is  588  feet. 

If  the  sea  is  60  mile  broad  and  the  tide  rises  40  feet  the  high  water  mark 
touching  the  cliff  and  the  low  water  mark  50  feet  distance  the  difference  of 
attraction  is  780  feet. 


Since  I  saw  you  I  have  looked  again  into  Boscovich's  book  (De  litteraria 
expeditione  &*.)  and  find  that  what  he  says  about  the  attraction  of  the  tides 
does  not  differ  so  much  from  what  I  said  in  the  paper  I  gave  you  as  I  imagined : 
he  supposes  the  arm  of  the  sea  to  be  100  mile  broad  in  which  case  he  says  the 
plumb  linewiU  deviate  z"-^'"  if  the  mean  densityof  the  earth  is  the  same  as  that 
of  the  sea  [of  the  surface  ?].  I  supposed  the  sea  to  be  10  miles  broad  and  found 
according  to  one  supposition  that  it  should  make  the  plumb  hne  deviate  i"J. 

There  is  a  paper  entitled  "Rules  for  computing  the  error  caused  in 
measuring  degrees  of  latitude  by  the  attraction  of  hilly  countries."  By 
calculating  for  a  section  of  Italy  perpendicular  to  the  Apennines  he 
estimates  that  on  an  arc  of  2\  degrees  the  length  of  a  degree  would  be 
shortened  by  2io  toises,  supposing  the  mean  density  of  the  Earth  to  be 
that  of  the  surface. 

He  considers  a  section  through  the  middle  of  the  degree  that  had  been 
measured  in  Pennsylvania,  and  perpendicular  to  the  Allcghanies  which 
are  inclined  at  yj"  to  the  meridian,  and  makes  out  that  the  attraction  of 
the  hills  increased  it  by  24  toises.  "The  whole  effect  of  want  of  attrac- 
tion of  the  Atlantic  =  1-376  which  should  diminish  the  length  of  a  degree 
by  119  toises."  An  estimate  for  the  degree  measured  at  the  Cape  of 
Good  Hofffi  is  a  shortening  of  174  toises  due  to  the  proximity  of  the 
ocean  and  a  lengthening  of  33  due  to  a  range  of  bills.  The  attraction  of 
the  Cordillera,  near  Quito,  is  treated  in  detail  on  the  basis  of  the  diagrams 
in  Bouguer's  Figure  de  la  Terre;  as  pendulum  observations  were  avail- 
able^ 

The  following  conclusions  of  a  carefully  prepared  manuscript  may  be  of 

'  [For  historical  detail  as  to  all  these  surveys  see  Airy's  Figure  oj  the  Earth, 
a  very  complete  and  imjKirtant  treatise  written  for  the  Encyclopaedia  Metropotiiana 
in  1830  before  he  left  Cambridge  for  Greenwich.] 
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historical  intf^Tf^it  as  indicating  how  far  advancai  the  id-^as  of  ?raT.itarionaJ 
g':ryl/!sy  w*,-r':  in  Cavendish's  hiands  at  tfiis  early  date. 

The  attrauition  of  the  Cor^iillera  on  the  pend-iiTun  at  Ouito  will  be  mu'ih  the 
^/ne  ks  if  it  was  extended  infinitely  of  the  same  level  in  all  directions :  oniv  m 
order  to  allow  for  the  attrar,tion  of  Pinchin'iha  arid  the  other  mo:intair-5  risii:^ 
alxA'e  (^Uj  whir^h  rather  diminish  the  era\ity  let  us  STjppose  Pin-rhir*-:iia  to 
be  a  seifment  fA  a  sphere  its  altitude  beine  ^S  toise^  and  the  raiiios  of  :3  base 
4>Joo  t^-rt^es.  The  height  of  f^ito  above  the  level  of  the  sea  is  1466.  Whence  the 
rriean  dertsity  of  the  earth  should  be  444  times  that  of  the  surface.  If  the 
observe  difference  of  leni^ths  had  been  yj^  ^^^  line  less  the  mean  density 
would  hiave  r/>me  out  3.83. 

U  there  should  be  a  ^eater  quantity  of  matter  imder  the  Cordillera  of  kss 
than  the  asual  density  of  the  surface  of  the  earth  (which  is  not  unlikely  con- 
sideririg  that  all  the  hilLs  in  have  probably  been  volcanoes)  the  length  of  the 
pendulum  at  ^ito  or  Pinchincha  ^^ill  be  less  than  it  would  otherwise  be  which 
woulrl  make  the  mean  density  of  the  earth  appear  greater  tlian  it  really  is. 

It  L*  likely  that  the  mean  density  of  the  earth  should  be  several  times  greater 
than  that  of  the  surface  though  the  internal  parts  of  the  earth  are  composed  of 
the  same  materials  as  the  surface,  as  the  density  of  the  internal  parts  may  very 
likely  [be]  increased  many  times  by  the  great  pressure  which  they  suffer. 

These  results,  which  he  compares  wth  estimates  based  on  Canton's 
measure  of  the  compressibility  of  water,  are  of  course  greatly  in  excess  of 
the  strikingly  correct  guess  of  Nen'ton.  A  pre\nous  estimate  led  him  to  a 
ratio  less  than  3. 

I  know  but  2  practicable  ways*  of  finding  the  density  of  the  earth  tirst  by 
the  going  of  a  pendulum  in  the  foregoing  manner  and  secondly  by  finding  the 
deviation  of  the  plumb  line  at  the  bottom  of  a  mountain  by  taking  the  meridian 
altitudes  of  stars.  The  first  way  is  by  much  the  most  easy  but  the  latter  seems 
much  the  most  satisfactory. 

If  the  mean  density  of  the  earth  Is  the  same  as  that  of  the  surface  the  attrac- 
tion of  a  conical  hill  will  accelerate  a  pendulum  at  the  top  of  it  per  day  32",4 
seconds  into  the  versed  sine  of  the  angle  which  the  side  of  the  hiU  makes  ^ith 
the  perfxindicular.   [Height  not  specified.] 

The  attraction  of  a  hill  in  the  form  of  a  small  segment  of  a  sphere  wiD  make 
the  plumb  line  deviate  at  its  ft.  32,8  seconds.  So  that  in  this  respect  the  latter 
meth(xl  seems  rather  more  exact.  But  the  main  point  is  that  in  the  latter 
methfxl  the  result  swjms  much  less  affected  by  any  irregularity  in  the  density 
of  the  internal  parts  of  the  earth  than  in  the  former  method. 

\A'.t  us  suppos<»  for  example  that  the  earth  consists  of  a  nucleus  abd  covered 
with  an  outer  crust  of  a  considerably  different  density  and  let  us  suppose  that 


This  was  of  course  written  long  before  Michell's  plan  by  torsional  vibration 
was  knf)wn,  which  CavendLsh  carried  out  in  1 798.  The  date  of  the  Peru  arcs  is  1736,  of 
('lairaiit's  Figure  de  la  Terre  is  1743,  of  Canton's  experiments  on  compression  of 
water  is  1762,  of  the  Schehallien  experiment  is  1778.] 
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this  nucleus  is  of  rather  an  irregular  figure  and  consequently  that  the  outer 
crust  is  much  thinner  in  some  places  as  for  example  in  A  than  in  others,  it  is 
plain  that  the  force  of  gravity  on  the  surface  at  A  and  at  a  height  above  the 
surface  will  not  be  to  each  other  in  the  inverse  duplicate  ratio  of  their  distances 
from  the  center  as  they  would  otherwise  be  and  consequently  no  certain  con- 
clusion could  be  drawn  from  experiments  of  the  pendulum  at  the  top  and 
bottom  of  a  mountain  in  such  place.  Whereas  in  the  latter  method  of  finding 
the  density  of  the  earth  I  do  not  imagine  that  the  result  will  be  sensibly  affected 
by  any  irregularity  of  this  kind.  That  there  is  some  such  irregularity  in  the 
structure  of  the  earth  seems  likely  I  think  from  observations  of  the  pend.  in 
different  places,  which  differ  more  than  I  should  think  could  be  owing  to  the 
error  of  experiment  particularly  if  you  compare... 

There  follows  a  numerical  discussion  of  the  consistency  of  the  ob- 
served variations  of  gravity  with  the  latitude.  Similar  discrepancies 
appeared  in  a  discussion  by  Bouguer:  this  subject  is  emphasized  by  Airy, 
loc.  cit. 

If  the  earth  is  a  regular  spheroid  the  length  of  the  pendulum  swinging 
seconds  increases  in  going  from  the  equator  to  the  pole  in  proportion  to  the 
square  of  the  sine  of  latitude  or  in  proportion  to  the  versed  sine  of  2"  the  latitude. 
The  4th  column  of  the  following  table  contains  the  length  of  the  pendulum 
computed  according  to  this  rule  on  a  supposition  that  the  difference  of  length 
between  the  equator  and  pole  is  2,3  lines,  the  length  at  the  equator  being  chose 
such  that  the  sum  of  the  numbers  in  the  5th  column  (which  are  the  excesses 
of  the  obser\'ed  lengths  above  the  foregoing)  shall  be  nothing:  the  6lh  column 
gives  the  mean  of  the  b  first  and  of  the  4  last  excesses  in  the  foregoing  column 
and  the  7th,  8th  and  gth  columns  are  the  same  things  on  a  supposition  that 
the  difference  of  the  length  between  the  equator  and  pole  is  2,5  lines. 

It  appears  from  hence  that  in  general  if  you  suppose  the  difference  of  length 
between  the  equator  and  pole  to  be  2,3  hues  the  observed  lengths  fall  short  of 
the  computed  by  more  in  the  lower  latitudes  than  in  the  higher,  whereas  if  you 
suppose  the  difference  to  be  2,5  lines  they  fall  short  more  in  the  higher  latitudes 
than  in  the  lower,  as  appears  more  plainly  by  the  6th  and  gth  columns  in  which 
are  given  the  mean  excess  for  the  6  first  places  (which  may  be  looked  upon  as 
the  lower  latitudes  as  the  versed  sines  of  the  doubled  latitudes  of  those  places 
are  considerably  less  than  the  mean)  and  of  the  4  last  places  which  may  be 
considered  as  the  higher  latitudes;  whence  it  seems  as  if  the  true  difference  of 
length  was  between  2,3  and  3,5  Unes  or  ,  Sr  °f  the  whole  length. 

It  has  been  demonstrated  by  Clairaut  that  if  the  earth  consists  of  sphe- 
roidical strata  not  much  different  from  spheres  and  that  the  density  is  the  same 
in  all  parts  of  the  same  stratum  that  the  difference  of  the  2  axes  divided  by  the 
whole  axis  exceeds  ^JSn  as  much  as  the  difference  of  gravity  divided  by  the 
whole  force  of  gravity  falls  short  of  it,  whence  it  should  seem  as  if  the  difference 
of  the  axes  was  about  bb«  which  is  a  quantity  which  will  agree  much  better 
with  the  precession  of  the  equinoxes  than  a  greater  difference.    The  measures 
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of  a  degree  agree  rather  better  with  the  supposition  of  7^7  than  with  tk: 
^T  hut  the  difference  is  not  great*. 

I  think  it  would  very  well  become  the  adminilty  to  send  a  vessel  to  obsri  I 
the  longitudes  of  such  places  as  are  most  frequented  by  our  ships  as  till  tha  'i- 1 
method  of  finding  the  longitude  at  sea  will  be  of  very  imperfect  use.  If  ^•: 
should  do  so  it  will  tell  us  the  length  of  the  pendulum  in  many  different  dinu:?  ' 
without  any  addition  trouble.  1  suppose  you  will  think  the  most  com'enii:^ 
way  of  finding  the  longitude  will  be  by  taking  the  difference  in  time  of  i:- 
transits  of  the  moon  and  some  fixed  stars  by  a  transit  instrument.  If  theydtxi 
propose  to  stay  long  in  any  place  I  should  think  the  best  way  would  be  not  a 
endeavour  to  fix  the  instrument  in  the  meridian  but  to  [X>int  it  to  the  pcdesu: 
a  Uttle  before  the  first  observation  and  mark  the  time  then  to  take  the  inis: 
the  moon  and  2  or  more  stars  one  of  which  should  if  possible  be  before  the  moc: 
and  the  other  after  it  and  the  nearer  to  the  same  parallel  of  declination  the  bett? 
This  by  an  easy  calculation  will  determine  the  going  of  the  clock  and  the  time 
of  the  transits  so  that  the  longitude  might  be  determined  with  tolerable  accuiac 
even  in  a  single  night :  after  the  obser\'.  is  over  you  may  see  whether  the  insc 
has  altered  its  place  by  seeing  how  many  revol.  of  the  adj.  screw  it  requires  t 
make  the  instr.  point  again  to  the  pole  star. 

It  is  needless  saying  that  the  instrument  ought  to  stand  on  the  ground  as 
not  to  touch  the  walls  of  the  observatory :  there  should  also  be  a  floor  to  tl 
observatory  which  should  be  supported  by  the  walls  of  the  observatory  and  shod 
by  no  means  touch  the  instrument  or  rest  on  the  ground  near  it  as  withoi 
these  precautions  it  is  impossible  that  the  instrument  should  be  steady. 

Finally  there  is  his  estimate  of  the  error  from  refraction  on  a  slopti 
hill-side,  probably  in  connexion  with  Schehallien,  as  foUou's  (see  ^upt 
P-  393)- 

On  the  irregular  refraction  caused  by  the  heat  being  different  near  the  si' 
of  the  hill  from  what  it  is  at  a  distance  from  it. 

Let  the  top  of  the  hill  be  B  feet  above  the  place  of  observation,  and  let 
be  elevated  above  the  horizon  in  an  angle  whose  tangent  is  T\  suppose  th 
there  is  W  degrees  difference  between  the  heat  of  the  air  at  the  top  of  the  hill  ai 
at  the  same  height  perpendicularly  over  the  place  of  observation.  The  alteratii 
caused  in  the  density  of  the  air  by  -Y  degrees  of  heat  is  the  same  as  is  causi 
by  jV  X  *\\%^  =  60iV  feet  of  altitude ;  26800  feet  being  the  height  of  an  unifor 
atmosphere;  Therefore  if  a  hne  be  drawn  through  the  summit  of  the  hill.  : 
such  manner  that  the  density  of  the  air  shall  be  the  same  in  all  parts  of  it  (1 

1  [See  the  section  on  Precession  of  the  Equinoxes,  under  tfac  heading  Astrooon! 
(p.  436),  lor  further  consideration  of  these  questions,  in  relation  to  the  internal  const 
tution  of  the  Earth.  In  connexion  with  the  theie  following  section  on  Tidal  Frictio: 
and  its  argument  which  only  needed  the  consideration  oi  angular  fflomentum  {t 
Kelvin  and  Darwin)  to  complete  it.  it  mav  be  noted  that  Kant's  theory  on  th. 
subject  dates  from  1754,  and  Thomas  Wright's  \-iews  on  cosmogony  from  foi 
years  earlier.] 
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a  line  of  uniform  density  as  I  shall  call  it)  the  tangent  of  inclination  of  that  line 


air  at  any  intermediate  height  on  the  side  of  the  hill  differs  from  the  heat  at 
the  same  height  perpendicularly  over  the  place  of  observation  by  a  quantity 
which  is  to  N  degrees  as  the  height  of  that  place  above  the  place  of  observation 
is  to  B,  the  hne  of  uniform  density  will  be  equally  inclined  to  the  horizon  at 
all  heights  less  than  that  of  the  top  of  the  hill;  but  at  a  little  height  above  it 
I  suppose  the  line  of  uniform  density  will  be  nearly  horizontal.  Now  the  re- 
fraction of  a  star  at  no  very  great  distance  from  the  zenith  =  57"  x  tan.  zenith 
distance;  and  its  refraction  in  passing  through  a  portion  of  the  atmosphere 
answering  to  a  difference  in  the  height  of  the  barometer  equal  to  D  indies  is 

57"  ><  —  X  tan.  zen.  dist.  whence  we  may  conclude  that  the  irregular  refraction 

of  a  star  near  the  zenith  caused  by  this  inclination  of  the  line  of  uniform  density 


to  the  horizon  will  be  57"  x  "-  y.  ""„  ^  ^      ^^        which  a 
30         w  a 


^  D      6qNT  _ 

'  26800  ' 

(the  mean  height  of  the  barometer  on  the  side  of  the  hill  being  supposed  28  inches) 
equals  ",12  x  NT, 

If  we  suppose  the  inclination  of  the  side  of  the  hill  to  be  zi'.so"  and  therefore 
7"  to  be  =  ,4  and  N  =  I2°J  which  in  all  probability  is  on  the  outside  of  the 
truth  the  irregular  refraction  will  be  only  x^ot  ^  second. 


MECHANICS  AND  DYNAMICAL  THEORY 

There  is  a  list  of  titles,  possibly  in  Dean  Peacock's  writing,  with  a 
memorandum  "Sent  to  Lord  Brougham  March  28,  1845,  Theory  of  the 
Kite,  and  On  Flying." 

The  early  paper  endorsed  "Remarks  relating  to  the  Theory  of  Motion" 
haa  been  pvintad  verbatim,  p.  415.  It  is  very  clearly  written,  with  numerous 
precise  erasures  as  the  composition  proceeded.  It  is  in  fact  an  argument 
for  the  conservation  of  mechanical  and  thermal  energy,  which  the  writer 
proposes  to  name  "  mechanical  momentum  "  in  distinction  from  "ordinary 
momentum  "  which  depends  on  direction'.  After  a  demonstration  of  the 
conservation  of  mechanical  energy,  and  a  specific  introduction  of  the  idea 
of  potential  energy,  he  infers  with  great  distinctness  that  heat  must  be 
the  "  mechanical  momentum  "  of  the  internal  vibrations  of  bodies:  but  in 
proceeding  to  the  energies  and  heats  of  chemical  affinity  he  grasps  the 

*  [Compare  Vouag's  discussion  of  the  subject  in  his  Lectures  (1807),  viti,  On 
Collision,  in  which  the  term  energy  was  first  introduced.  The  tacit  avoidance  by 
Cavendish  of  the  term  vis  viva,  made  classical  by  Leibnii  and  D.  Bernoulli,  is 
noteworthy,  and  possibly  arose  from  a  connotation  then  more  prominent  than  now; 
the  absence  of  knowledge  of  the  more  analytical  writings  of  d'Alembert  would  be 
natural  in  a  British  physicist  of  his  time,] 
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nftw  ieAVtr^  ^lxA  crincbidtt  that  '*  this  way  of  <txpbrnfrg  rt  is  insafedent  *." 
Incvi/rTitaWj'  thftt*^  is  a  discTisar»n  of  a  tmfod  cnsher-eau^e  f:r  traniaeiit 
prfi9iAUff^,  Tint  manijscript  prob^hly  betones  to  an  eariy  perixi:  bat  the 
r>nly  clw:  ^>  a  dat^  is  a  refer^ice  to  Pfc/.  Trans.  No.  477.  which  k  an- 
avaihni^  a<i  that  part  was  {xibiished  in  1745-  The  controversy  which  he 
ehjcidattt,  a^  to  whether  force  is  measured  properh-  by  change  of  mo- 
nientom  or  by  "  mechanical  momentum/'  is  sopposed  to  have  bacn  composed 
at  any  rate  from  the  p^^int  of  ^iew  of  the  Gjotinent  where  it  was  mainly 
carried  on,  by  d'Alembert  in  1743  in  his  TraiU  de  Dynamiqu£. 

Varir^tis  special  problems  relating  to  moving  dynamical  s\^tems  are 
vJved  in  separate  papers:  but  the  work  contains  nothing  remarkable. 

A  manuscript  of  considerable  length  de\'eloped  on  geometrical  lines 
"On  the  mcitir>n  of  a  aohd  of  revolution  from  its  centrifugal  force." 

A  calculation  entitled  "Catenaria  blown  bv  the  wind"  with  an  esti- 
mate  of  " r^^-sistance  of  air  on  chain":  als^i  an  investigation  "On  the  form 
of  the  Catenaria  in  which  the  strength  of  the  chain  is  ever^-where  pr«> 
pr>rtional  to  the  tfrnsion." 

A  mathematical  and  experimental  investigation,  with  extensive  calcu- 
lations, of  the  strength  under  flexure  of  wooden  bars  of  various  sections 
sawn  from  logs,  and  their  vibrations  when  one  end  is  fixed,  with  a  view 

'  'It  is  nfpmeiimeM  stated  that  Cavendish's  views  on  the  qnestioD  whether  heat 
is  a  substance  were  ambigaoiis.  No  such  epithet  can  apply  to  the  ver\*  remarkable 
c//rollaries  at  the  end  of  this  paper,  which  so  clearly  anticipate  the  modem  doctrine  of 
enerii^.  it  is  unfr/rtunate  that  there  is  no  means  of  assigning  a  date  to  these  ex- 
pository essays;  one  is  inclined  to  refer  them  mainly  to  the  early  period  of  study, 
before  he  yAned  the  Royal  Srx:iety  in  1760  at  29  years  of  age.  The  uns\-stematic 
Itytm  (ti  his  special  d>'namica]  reasr>ning  makes  it  unlikely  that  as  regards  it  Cavc^ndish 
was  indebted  U}  previous  writers,  and  so  is  in  favour  of  an  early  date.  The  earlier 
electrical  manuscripts,  largely  experimental,  of  which  "the  st\le... leaves  no  doubt 
that  they  were  intended  Xa  form  a  bofik"  belong  to  the  years  1 771-3  (see  Clerk 
Maxwell's  very  illuminating  Introduction). 

The  heat  as  well  as  the  pressure  of  air  had  been  referred  mathematically,  in  a 
general  way,  U)  the  vis  viva  of  the  free  motions  of  its  particles  or  molecules  by 
\).  ficrnoulli,  Hydrodynamica,  as  early  as  1738  (cf.  Cor.  i  infra);  and  he  extended 
widely  the  principle  of  Vis  Viva,  as  Cavendish  does  in  this  paper,  in  Berlin  Memoirs 
ten  years  later  (cf.  Lagrange,  Mdc.  Anal.). 

In  Maxwell's  Theory  of  Heat,  p.  72,  there  is  an  interesting  discussion  of  the 
implicatir/n  in  Black's  term  latent  heat,  that  heat  is  an  imponderable  substance, 
as  distinguishcfl  from  ponderable  gases  which  Black  was  himself  the  first  to  recognize 
as  distinct  kinds  of  matter.  "The  analogy  between  the  free  and  fixed  states  of 
carbonic  acirl  and  the  sensible  and  latent  states  of  heat  encouraged  the  growth  of 
materialiHtic  phrascH  i\s  api)lie(l  to  heat:  and  it  is  evident  that  the  same  way  of 
thinking  led  electricians  to  the  notion  of  disguised  or  dissimulated  electricity*,  a 
notion  which  survives  even  yet,  and  which  is  not  so  easily  stripped  of  its  erroneous 
connotation  as  the  phrase  'latent  heat.'  It  is  worthy  of  remark  that  Cavendish, 
though  one  of  the  greatest  chemical  discoverers  of  the  age,  would  not  accept  the 
term  'latent  heat.'"  Maxwell  goes  on  to  quote  a  footnote  (see  p.  151  supra)  of 
Phil.  Trans.  1783  as  from  J.  D.  Forbes,  Encyc.  Brit.,  Dissertation  vi.] 
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to  computation  of  the  tapering  lines  for  masts:  also  a  discuss 
"vibrations  of  a  straight  uniform  spring  left  to  itself." 

An  investigation  of  the  form  of  a  solid  of  given  volume  so  that  its 
attraction  at  a  point  shall  be  maximum.    [See  Todhunter's  Hislory.] 

A  manuscript  apparently  intended  to  be  sent  to  Dr  Hutton  entitled 
"Explanation  of  Mr  Hutton's  solution  of  Maseres'  problem  about  vi- 
brating string." 

Form  of  arch  for  various  modes  of  loading. 

Fragments  on  the  resistance  of  the  air  to  projectiles,  in  connexion  with 
Newton's  Prindpia. 

A  geometrical  and  analytical  paper  on  the  "map  pentagraph." 

"Calcul.  of  force  of  engine  turned  by  reaction  of  two  jets  of  water  for 
mechanical  purposes." 

"On  the  vibrations  of  pendulums  whose  centers  of  suspension  move." 
Young's  result  is  obtained  that  the  effect  is  the  same  as  if  the  pendulum 
were  prolonged  to  a  fixed  centre.  (For  rolling  motion,  no  correction  is 
required.) 

"Concerning  the  spinning  of  tops  by  Mr  Mitchell."  Doubtless  his 
friend.  Rev,  John  Michell'  (1724-1793).  "This  point  is  what  is  known 
by  the  name  of  the  center  of  percussion.  How  I  came  not  to  take  notice 
of  it  I  do  not  know." 

"Pendulum."  Records  of  swings  on  different  days  in  case  and  out  of 
case.  "  It  is  supposed  that  in  this  and  the  following  pages  the  pendulum 
was  compared  with  father's  clock  in  new  building." 

"Pendulum  with  rolling  motion  by  Naime."  A  close  scrutiny  of  two 
pendulums  with  reference  to  symmetry  and  sUpping  on  edge  and  decre- 
ment of  free  swing.  "Hence  it  should  seem  that  the  time  was  nearly 
equal  to  the  difference  of  the  logarithms  of  the  2  arches  of  vibration 
multiplied  by  225:  and  therefore  the  time  in  which  it  changes  from  2° 
to  1°  should  be  674':  by  a  mean  of  the  observation  in  p.  y~\i  seemed  to 
do  the  same  with  the  former  motion  in  63'." 

A  long  series  of  experiments  on  moduli  of  bend  and  twist  for  glass 
tubes  and  iron  and  brass  wires  under  load.  The  ratios  seem  to  be  very 
concordant,  Further  "  experiments  on  twisting  of  wires  of  silver,  iron  and 
other  metals  tried  by  the  time  of  a  vibration." 

In  a  manuscript  "Concerning  waves"  there  are  general  remarks  on 
the  character  of  wave-motion  on  water:  and  interesting  guesses  of  the 
cause  of  the  discrepancy  between  the  velocity  of  sound  and  Newton's 
theoretical  value,  considering  after  Euler  particles  repelling  according  to 
the  law  r-^  or  near  thereto,  finally  rejecting  all  proposed  explanations. 

"Concerning  the  vibrations  of  pendulums  suspended  from  the  same 
horizontal  bar."   An  unsatisfactory  attempt  at  general  explanation  of  the 

'  [See  short  Memoir  of  John  Michell.  by  Sir  Archibald  Gcikie.  Cambridge  Uni- 
versity Press,   iqrS.] 
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fact  that  "If  2  clocks,  the  length  of  whose  pendulums  never  difl^: 
above  a  certain  quantity,  are  fixed  to  the  same  horizontal  bar,  thn  v 
keep  moving  constantly  together:  one  clock  will  never  be  before  or  brir 
the  other  by  as  much  as  one  vibration."    [See  Ellicott,  Phil.  Trans,  i; 

"On  centrifugal  pendulum"  including  a  form  of  isochronous  chtck 

A  paper  on  the  "Vena  Contracta":  nothing  of  note  except  a  cair 
diagram  of  form  near  the  orifice. 

A  series  of  carefully  reduced  experiments  on  flow  of  water  thr.i': 
a  glass  tube  '2117  incht-s  in  diameter  and  44-1  inches  long:  "  the  press 
required  to  overcome  the  friction  in  velocities  of  34  and  19  in.  per  '  = 
of  the  length  multiplied  by  the  §  power  of  the  vel.  in  in.  per  '  bui 
greater  velocities  seems  to  increase  in  a  greater  proportion." 

A  discussion  of  the  mode  of  action  of  spiral  springs. 

"On  error  in  pend.  beating  dead,  supposing  the  accel.  from  the  ac 
of  clockwork  to  be  uniform  while  weight  acts  upon  it,  and  that  i 
uniformly  retarded  during  rest  of  time  with  such  force  as  to  keep 
vibrations  of  same  length."    Inconclusive. 

"Question  about  Tower  of  Babel."  Triangular  pjramid.? 

A  paper  "On  the  shape  of  the  teeth  in  rack  work":  encloses  a  bea 
fully  written  manuscript  ending  with  the  following  on  a  separate  pagi 

Dr  Young  takes  the  liberty  of  sending  for  Mr  Cavendish's  inspection  a  < 
of  what  he  means,  with  Mr  Cavendish's  pennission,  to  insert  in  his  sylb 
respecting  the  teeth  of  wheels.  He  believes  that  the  point  of  contact  G 
seldom  if  ever  fall  between  E  and  F. 

Welbeck  St.  Thursday  3  Sept  1801. 

In  "A  Syllabus  of  a  course  of  lectures  on  Natural  and  Experimei 
Philosophy"  printed  at  the  press  of  the  Royal  Institution  in  1802, 
memorandum  slightly  changed  occupies  §§  178-181:  and  in  §  179  wl 
contains  the  argument  in  small  print  there  is  the  sentence  "For 
substance  of  this  demonstration  I  am  indebted  to  Mr  Cavendish," 


DYNAMICAL  VARIATION  OF  LATITUDE 

Let  an  oblate  spheroid  revolve  round  an  axis  not  coinciding  with  the  ; 
of  the  spheroid,  and  suppose  this  spheroid  to  be  placed  at  such  a  distance  fi 
any  other  matter  as  not  to  be  influenced  by  the  attraction  thereof.  Let  A 
the  pole  of  the  spheroid,  and  P  the  pole  on  which  it  revolves,  Ee  the  equa 
the  motion  being  from  E  to  e;  and  let  the  difference  of  the  axes  of  the  sphei 
divided  by  the  whole  axis  be  called  a.  The  point  A  endeavours  by  the  cen 
fugal  force  to  move  towards  P;  by  this  compound  motion  the  point  P.  or 
point  on  which  the  spheroid  actually  revolves,  is  continually  shifting  its  pl 
on  the  surface  of  the  spheroid,  id  est  the  spheroid  revolves  on  a  different  p 
of  its  substance  from  what  it  did  before;  the  motion  of  the  point  P  being  st 
as  to  describe  a  circle  round  A  as  a  center  in  the  direction  from  P  to  ^  (»rf 
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in  the  same  direction  that  the  spheroid  revolves)  in  the  same  time  that  it  makes 

— T-=  revolutions  round  its  axis. 

a  X  CS.4P 

With  respect  to  absolute  space  the  point  P  describes  a  small  circle  round 

the  point  tt  :  in  the  same  time  that  the  spheroid  makes  i  revolution  round  its 

axis,  and  in  the  same  direction ;  the  radius  Pit  being  to  PA  [strictly  sin  Pn  to  sin 

PA]  as  a  X  cs  PA  to  one. 
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If  the  axis  on  which  the  earth  revolves  does  not  coincide  with  the  axis  of 
the  spheroid,  I  imagine  the  precession  of  the  equinoxes  and  nutation  of  the 
pole  will  not  be  sensibly  affected  thereby ;  but  the  pole  will  revolve  on  the  surface 
of  the  earth  round  the  axis  of  the  spheroid  in  230  days  (supposing  the  difference 
of  the  axes  to  be  .jj^  part')  being  sometimes  on  the  European  side  thereof  and 
sometimes  on  the  American:  whereby  the  latitudes  of  all  the  places  on  the  earth 
will  be  continually  altering,  but  the  pole  will  constantly  point  to  the  same  part 
of  the  heavens  that  it  would  otherwise  do.  Suppose  for  example  that  the  pole 
of  the  earth  was  removed  i"  from  the  pole  of  the  spheroid,  at  one  time  the 
latitude  of  London  and  all  the  places  in  the  same  meridian  would  be  r"  more 
northerly  than  the  mean;  consequently  the  sun  and  all  the  stars  would  cross 
the  meridian  i"  more  to  the  south  than  they  would  otherwise  do:  but  in  about 

'  [As  regards  this  estimate,  see  p.  405.  The  correct  Eulerian  factor  is  CI{C  -A), 
where  C,  A  are  the  moments  of  inertia,  being  304  days.  This  supposes  the  earth  to 
be  rigid:  if  not,  C  -A  must  be  the  value  when  the  distortion  produced  by  centrifugal 
force  of  diurnal  rotation  is  supposed  taken  oH,  which  should  give  the  olwerved  value 
428  days.  See  M.N.  R.Astron.Soc.tiov.  igofi;  Proc.  Cambridge  Phil.  Soc.  May,  1896. 
Forabomogeneousspheroid  the  Eulerian  period  for  small  ampUtude  would  be  o"',as 
the  text  indicates:  thus  Cavendish  was  probably  acquainted  with  Euler's  general  at>- 
atract  result  {Mec/tanica.  1736;  Theotia  Molus.  1765)  which  he  herecottverts  (possibly 
for  the  first  time)  into  practical  geometrical  form,  not  far  removed  from  the  roodem 
one  in  terms  of  Poinsot's  rolling  momental  ellipsoid.  Cf,  Proc.  Camb.  Phil.  Soc.  1896. 
In  iact  the  rotational  motion  of  the  Earth  is  represented  pivcisely  by  the  circle  pP  of 
the  diagram  rolling  on  the  much  smaller  fixed  drde  with  centre  n  situated  inside  iL] 
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115  days  afterwards  the  latitude  of  the  same  places  would  be  i"  more  southerly 
than  the  mean,  and  then  all  the  stars  would  cross  the  meridian  i"  too  much 
to  the  north. 

The  historical  interest  of  this  subject  has  prompted  renewed  examination 
of  the  lengthy  and  complex  .computations  in  the  manuscript,  "On  the 
motion  of  a  solid  of  revolution  from  its  centrifugal  force."  By  powerful 
but  hardly  elegant  use  of  spherical  geometry  he  arrives  at  an  expression 
for  the  centrifugal  effect  of  the  motion,  giving  a  final  result  of  the  same 
type  as  in  this  fragment :  but  it  would  involve  a  tedious  examination  to  find 
whether  the  value  of  his  coefficient  (a)  agrees  in  general  with  the  Eulerian  one. 

As  a  geometrical  lemma  he  establishes  the  law  for  finding  the  angular 
velocity  which  is  the  resultant  of  three  given  ones  round  axes  OP,  Op,  Om 
marked  by  points  P,  />,  w  on  a  spherical  surface. 

There  is  also  a  separate  paper  with  the  object  probably  of  making  the 
problem  of  free  rotation  manageable,  in  the  absence  of  the  resources  of 
analysis,  for  the  general  form  of  solid  without  an  axis  of  symmetry.  He 
establishes  for  the  case  of  a  right  soUd  the  principle  of  kinetic  equivalence : 
"the  resistance  of  the  whole  solid  is  the  same... as  if  J  of  the  whole  quant, 
matter  was  placed  in  the  centers  of  each  of  the  six  faces  of  the  parallele- 
piped," which  reduces  that  problem  to  one  relating  to  particles. 

In  Euler,  De  Motu,  1765,  Ch.  xii  there  is  only  a  passing  reference  to 
the  effect  on  latitudes,  which  is  the  application  that  is  of  outstanding 
modem  importance,  and  is  Cavendish's  main  concern  in  the  formulation 
here  reproduced. 

EFFICIENCY  OF  AN  UNDERSHOT  WATER  WHEEL 

Calculation  of  maximum  and  force  of  undershot  wheels  in  which  the  float 
boards  are  of  such  a  breadth  that  the  water  shall  dash  over  them  and  in  which 
little  or  no  water  can  escape  between  the  floats  and  the  sides. 

All  the  water  which  issues  through  the  sluice  loses  the  excess  of  its  velocity 
above  that  of  the  wheel. 

Therefore  the  pressure  upon  the  wheel  is  such  as  would  in  a  given  time 
communicate  to  all  the  water  which  issues  through  the  sluice  in  that  time  a 
velocity  equal  to  the  excess  of  the  velocity  of  the  issuing  [entering?]  water 
above  that  of  the  wheel  and  therefore  (as  the  quantity  of  water  which  issues 
through  the  sluice  in  a  given  time  is  given)  is  proportional  to  that  excess. 

Therefore  the  quantity  of  work  done  by  the  wheel  is  proportional  to  the 
velocity  of  the  wheel  into  the  excess  of  velocity  of  the  issuing  water  above  that 
of  the  wheel  and  is  a  maximum  when  the  velocity  of  the  wheel  is  J  that  of  the 
issuing  water. 

The  pressure  acting  upon  the  wheel  when  it  moves  with  J  the  velocity  of  the 
issuing  water  is  J  the  weight  of  the  water  which  issues  from  the  sluice  in  the  time 
in  which  a  heavy  body  will  in  falling  by  its  own  weight  acquire  the  velocity  of 
the  issuing  water. 
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The  velocity  of  the  wheel  in  the  same  case  is  such  as  would  in  the  abovesaid 
time  move  through  a  space  equal  to  the  height  from  which  a  body  must  fall 
to  acquire  the  velocity  of  the  issuing  water. 

Therefore  the  greatest  effect  of  an  undershot  wheel  is  such  as  would  in  a 
given  time  raise  a  weight  equal  to  that  of  \  the  water  which  issues  from  the  sluice 
in  that  time  to  the  height  from  which  a  body  must  fall  to  acquire  the  velocity 
of  the  issuing  water. 

The  fallacy  of  the  common  answer  to  this  problem  consists  chiefly  in  supposing 
the  water  to  act  only  upon  that  float  nearest  the  sluice  whereas  in  reality  the 


water  contained  between  the  float  (a)  and  (6)  continues  to  act  upon  the  float  {6) 
{after  the  float  (a)  is  interposed  between  it  and  the  sluice)  till  it  comes  to  move 
with  no  greater  velocity  than  the  wheel. 

In  a  manuscript  "On  the  engine  for  raising  water  by  a  centrifugal 
force"  it  is  showTi  that  when  the  water  spurts  out  from  the  end  of  a 
rotaring  horizontal  pipe  "The  force  [work]  requisite  to  move  this  engine 
for  any  time  is  such  as  is  sufficient  to  raise  the  quantity  of  water  which 
issues  from  the  horiz.  pipe  in  that  time  to  2"  the  height  ^D."  The  differ- 
ence appears  of  course  chiefly  as  kinetic  energy  of  the  issuing  water. 

ON  THE  MOTION  OF  SOUND 

The  method  of  proof  in  the  carefully  written  manuscript,  which  he  de- 
scribes as  infni,  is  to  assume  that  when  the  piston  vibrates  in  any  manner 
the  air  along  the  tube  takes  up  tho  same  type  of  vibration  but  after  a  time 
represented  by  the  velocity  of  propagation,  and  then  to  verify  that  this 
description  fits  with  the  motion  of  a  portion  of  air  as  determined  by  the 
difference  of  pressure  at  its  two  ends,  provided  however  the  compression 
is  small.  There  is  a  discussion  of  what  may  be  expected  when  the  ampli- 
tude of  vibration  is  so  great  that  this  verification  holds  good  only  for  the 
turning  points  of  the  vibration,  remotely  after  the  manner  of  Raylcigh's 
Theory  of  Sound,  11,  §  251.  It  is  noted  that  the  velocity  of  a  wind  adds  to 
that  of  the  sound. 

The  occasion  of  my  writing  this  paper  was  as  follows  Sr  1.  N.  [Newton] 
proved  that  if  the  vibrating  body  moved  with  a  velocity  regulated  according 
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to  the  same  law  as  a  pendulum  vibrating  in  a  cycloid,  the  particles  of  air  would 
vibrate  with  a  velocity  regulated  according  to  the  same  law,  but  does  not  prove 
that  they  will  if  the  body  vibrates  in  any  other  manner.  Euler  proved  that 
Newtons  demonstration  was  equally  applicable  if  the  body  moved  in  the  same 
manner  as  a  body  vibrating  in  a  parabola  and  some  other  figures  and  if  I  mistake 
not  supposed  it  an  objection  to  the  demonstration;  this  made  me  suspect  that 
the  case  was  that  according  to  whatever  law  the  body  vibrated  the  air  would 
do  the  same  and  set  about  trying  to  demonstrate  it. 

Besides  making  it  general  there  are  2  or  3  other  points  in  which  this  demon- 
stration differs  from  Newtons  first  in  reducing  his  3  propositions  into  one  which 
makes  it  a  good  deal  clearer  2ndly  it  is  drawn  from  the  well  known  property 
that  the  density  of  the  air  is  in  proportion  to  the  compression  instead  of  the 
property  which  Newton  deduces  from  it  that  the  particles  of  air  repel  with  a 
force  inversely  as  the  distance  and  3rd  that  in  the  ist  part  the  air  is  supposed 
to  be  confined  in  a  straight  uniform  canal  because  Newtons  demonstration  is  in 
reality  applicable  only  to  that  case.  In  the  2nd  part  however  it  is  extended 
to  the  case  of  a  conical  canal  which  comes  to  much  the  same  thing  as  if  the 
sound  is  produced  in  the  open  air. 

THE  DISCHARGE  OF  A  CANNON  BALL 

Internal  ballistics.  "  Investigation  of  the  loss  of  force  owing  to  the 
inertia  of  the  powder." 

The  density  of  the  inflamed  air  will  be  greater  at  bottom  of  the  barrel  than 
near  the  bullet  as  having  a  greater  quantity  of  matter  to  put  in  motion;  the 
proportion  which  the  density  at  bottom  and  at  bullet  near  to  each  other  remains 
pretty  nearly  the  same  in  whatever  part  of  the  barrel  the  bullet  is  in  after  the 
space  through  which  the  bullet  has  moved  bears  any  considerable  proportion 
to  the  space  occupied  by  the  powder.  The  force  with  which  the  powder  actually 
acts  upon  the  ball  is  to  the  force  with  which  it  would  act  upon  it  if  the  powder 
I  had  not  inertia  as  the  density  of  the  inflamed  air  at  the  bullet  to  the  mean 

density  or  the  density  which  it  would  be  of  supposing  it  every  where  alike. 

On  this  basis  a  calculation  is  made  by  fluxions  which  allows  also  for  the 
escape  of  the  inflamed  air  past  the  sides  of  the  ball,  on  the  basis  "  Elasticity 
of  air  gener.  by  powder  before  ball  is  moved  =  1000  atmospheres" :  of  course 
the  cooling  effect  of  expansion  does  not  appear.  Results  and  data  from 
"Rob"  (=  Robins)  are  adopted  as  follows: 

Height  bullet  discharged  with  vel.  1700  would  rise  in  vacuo  =  44930  feet 
=  8J  miles  therefore  its  greatest  range  would  be  17  miles  its  actual  range  is 
supposed  less  than  \  mile. 

Vel.  of  24 1.  cannon  ball  discharged  from  piece  10  feet  long  with  full  charge 
of  powder  id  est  16  pounds  =  near  1650  feet  per  "  the  greatest  range  of  such 
a  shot  in  vacuo  would  be  about  16  miles  its  real  range  is  less  than  3  miles 
its  resistance  at  that  vel.  is  near  23  times  its  weight. 
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REMARKS  ON    THE  THEORY   OF   MOTION 


If  the  force  by  which  a  body  is  accelerated  is  given  the  velocity  acquired 
by  it  will  be  as  the  time  during  which  it  is  accelerated.  If  the  time  is  given 
the  velocity  acquired  will  be  as  the  accelerating  force. 

Therefore  the  velocity  acquired  by  any  body  is  as  the  accelerating  force 
multiphed  into  the  time  during  which  it  acts. 

The  velocity  acquired  by  a  body  acted  on  by  a  given  accelerating  force  is 
as  the  square  root  of  the  space  through  which  it  is  accelerated.  If  a  body 
accelerated  by  a  given  force  acquires  a  certain  velocity  v  in  falling  through  a 
given  space  s  the  same  body  acted  upon  by  a  force  which  is  to  the  ist  as  (a) 
to  (i)  will  in  falling  through  the  same  space  acquire  the  velocity  v  x  ^a  for  the 
body  will  in  the  same  time  that  it  described  the  space  s  by  the  ist  force  describe 
the  space  s  ■  a  by  the  2nd  and  at  the  end  of  it  acquire  the  velocity  u  x  a 
therefore  if  in  falling  through  the  space  (s  »  a)  it  will  acquire  the  velocity  v  *.  a 
in  falling  through  the  space  (s)  it  will  acquire  the  velocity  v  n  y/a. 

Therefore  the  velocity  acquired  by  a  body  falling  through  a  given  space  is 
in  the  subduplicate  ratios  of  the  accelerating  force. 

Therefore  the  velocity  acquired  by  a  body  is  as  the  square  root  of  the 
accelerating  force  multiplied  into  the  square  root  of  the  space  passed  over. 

From  hence  appears  the  nature  of  the  dispute  concerning  the  force  of  bodies 
in  motion ;  for  if  you  measure  this  force  by  the  pressure  multiplied  into  the  time 
during  which  it  acts  the  quantity  of  force  which  a  moving  body  will  overcome 
or  the  force  requisite  to  put  a  body  in  motion  or  in  other  words  the  force  of  a 
body  in  motion  will  be  as  the  velocity  multiplied  into  the  quantity  of  matter, 
but  if  you  measure  it  by  the  pressure  multiplied  into  the  space  through  which 
it  acts  upon  the  body  the  force  of  a  body  in  motion  will  be  as  the  square  of 
velocity  multiplied  into  the  quantity  of  matter.  The  ist  way  of  computing  the 
force  of  bodies  in  motion  is  most  convenient  in  most  Philosophical  enquiries 
but  the  other  is  also  very  often  of  use,  as  the  total  effect  which  a  body  in  motion 
will  have  in  any  mechanical  purposes  is  as  the  quantity  of  matter  multiplied 
into  the  square  of  its  velocity ;  for  in  all  mechanical  purposes  the  force  must  be 
measured  by  the  weight  or  resistance  to  be  overcome  multiplied  into  the  height 
to  which  it  is  raised  or  the  space  through  which  it  is  moved,  thus  it  requires  an 
equal  force  to  raise  the  weight  of  one  pound  2  yards  as  it  does  to  raise  2  pound 
I  yard  for  the  same  force  which  is  employed  to  raise  i  pound  to  2  yards  will 
by  a  proper  machine  raise  2  pounds  i  yard  height.  What  I  have  here  said  will 
appear  plainer  by  examples. 

If  a  body  moving  with  i  degree  of  velocity  is  able  to  compress  i  spring  to 
a  certain  distance  the  same  body  moving  with  2  degrees  of  velocity  will  compress 
4  springs  to  the  same  distance. 

If  in  any  machine  a  weight  by  descending  communicates  any  degree  of  motion 
to  the  parts  of  the  machine  as  in  fig.  ist  PI.  ist  [p.  428]  where  the  weight  (a) 
is  suspended  by  the  string  AB  which  is  wound  round  the  axis  BC  so  that  the 
weight  cannot  descend  without  putting  in  motion  the  fly  ijg,  then  if  the  weight 
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new  features  and  concludes  that  "  this  ^^'ay  of  explaining  it  is  i 
Incidentally  there  is  a  discussion  of  a  tinfoil  crusher-gauge 
pressures.  The  manuscript  probably  belongs  to  an  early  pe 
only  clue  to  a  date  is  a  reference  to  Phil,  Trans.  Xo.  477, 
availing  as  that  part  was  published  in  1745.  The  con  trove 
elucidates,  as  to  whether  force  is  measured  prop>erly  by  c] 
mentum  or  by  **  mechanical  momentum,"  is  supposed  to  have  b 
at  any  rate  from  the  f)oint  of  \new  of  the  Continent  where  i 
carried  on,  by  dWlembtTt  in  1743  in  his  Traiie  de  Dynamique 

Various  special  problems  relating  to  moving  dynamicaj 
solved  in  separate  papers:  but  the  work  contains  nothing  n 

A  manuscript  of  considerable  length  developed  on  geo; 
*'0n  the  motion  of  a  solid  of  revolution  from  its  centrifugal 

A  calculation  entitled  ''Catenaria  blo^^•n  bv  the  uind" 
mate  of  ''resistance  of  air  on  chain '*:  also  an  investigation  * 
of  the  Catenaria  in  which  the  strength  of  the  chain  is  ev< 
(x>rtional  to  the  tension." 

A  mathematical  and  experimental  investigation,  with  ex 
iations,  of  the  strength  under  flexure  of  wooden  bars  of  va 
sa^^'n  from  logs,  and  their  \ibrations  when  one  end  is  fixed 

^  It  is  sometimes  stated  that  Cavendish's  ^-iews  on  the  questit 
is  a  substance  were  ambiguous.  No  such  epithet  can  apply  to  the  1 
comllaries  at  the  end  of  this  paper,  which  so  clearly  anticipate  the  mc 
energy-.  It  is  unfortunate  that  there  is  no  means  of  assigning  a  d; 
pixsiton*  essa\*s;  one  is  inclmcii  to  refer  them  mainly  to  the  eaiiv  ] 
lieforv  he  joinevi  the  Royal  S*H:iety  in  i^'o  at  29  years  of  age.  Tl 
fonn  of  his  special  dynamical  roaS(»nin&:  makes  it  unlikely  that  as  rega 
was  indebted!  to  previous  wnten^.  anil  so  is  in  favour  of  an  early  d 
electrical  manuscnpts.  larcely  exjynmental.  of  which  "the  style... 
that  they  wore  intended  tt>  iomi  a  lxx»k"  belong  to  the  years  i; 
M^ixwell's  ver\"  tlluminatmi:  IntfC^UKticW^. 

The  heat  as  well  as  the  pressure  of  air  had  been  referred  math 
general  way.  to  the  :  j>  :i:j  of  the  iree  motions  of  its  particles  i 
l>.  llemoulli.  Hydtc^dyn^mw^.  as  early  as  I73^  ^c:.  Cor.  i  infra):  a 
>n"idely  the  principle  of  Vis  Viva  as  ^.'avendish  does  in  this  paper,  in 
ten  \eaTs  later  ,ci.  Lagrani:^   Mf\:  A%ji^.  . 

In  Maxwell  s  7i/.^-.  .  •  //.-.i:.  r  -2,  there  is  an  interesting  <i 
implication  in  Hla«:W's  :cr:v.  latt:::  hta:.  that  heat  is  an  impondea 
as  vh>ting\iishev!  :r.  rr.  p^r..:craKo  »;.'*>i>  which  Black  was  himself  the  J 
as  vlistin*:t  k:n.'.s  o:  r.:A::tr  '  The  ir.alfey  between  the  free  and 
carN'^nic  ac:**.  and  the  >ir.>:V>  .^r.:  lattr.t  >:ate>  ai  beat  enconrace 
ir.  a :  e r. a1:> : : ^   ph :  a >i^  a >  a  : : ' .  v  :  :     h  e;» :     a r. :  : :  is  exiden t   that  tj 


v\^...**."-.t  • .».   ..     .*>     *..* >;         ..*.:     ..     ..".>,  ..     .>     •*  ■  ^ij.\      \.  I 

trr:v.    latir.:  hcA:         ^IA\^^:.'.  i  -.•<     t  r     :  ..^  :e  a  Kxr-taao-te 
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tnith  of  this  is  very  evident  and  from  what  will  come  after  it  will  appear  that 
it  is  equally  true  in  the  most  complex  cases. 

Lemma  fig.  ist,  2nd,  3rd,  Plate  2nd.  If  any  force  D  acts  at  D  upon  the 
crooked  lever  DGC  whose  center  of  motion  is  G  in  the  direction  DB  perpen- 
dicular to  DG.  and  another  force  C  sufficient  to  keep  the  lever  in  equihbrio  acts 
at  C  in  the  direction  Ct  perpendicular  to  CG,  then  the  force  with  which  the 
center  of  motion  G  is  pressed  in  the  direction  Gg  or  in  the  same  direction  in  which 
D  acts  is  equal  to  the  force  D  +  that  part  of  C  which  acts  in  the  same  direction 
as  D ;  only  it  must  be  observed  that  as  in  ist  and  3rd  figures  the  force  C  resolves 
it  self  into  2  the  one  acting  in  a  direction  perpendicular  to  that  of  D  the  other 
directly  opposite  to  it.  this  last  must  be  looked  upon  as  negative  and  that  in 
fig.  3rd  the  sum  of  Z)  +  the  above  mentioned  part  of  C  will  be  negative  because 
in  that  case  G  is  pressed  in  central  direction  to  D.  The  force  with  which  G  is 
pressed  in  the  direction  GD  =  that  part  of  the  force  C  which  acts  in  that  direc- 
tion. The  truth  of  this  Lemma  is  pretty  evident  by  inspecting  the  figures. 

When  2  bodies  impinge  on  each  other  directly  it  is  pretty  evident  that  the 
center  of  gravity  of  the  2  bodies  will  move  with  the  same  velocity  before  and 
after  the  stroke,  or  the  sum  of  their  momenta  taken  in  a  given  direction  will 
be  the  same  after  the  stroke  as  before,  but  it  is  not  so  plain  that  the  same  thing 
will  take  place  when  they  impinge  obliquely;  this  however  may  be  shewn  to  be 
as  constant  a  law  as  the  other. 

To  do  this  no  more  is  required  than  to  prove  Fig.  4th  PL  2nd  that  the  force 
which  must  be  impressed  upon  the  body  D1<!Q  whose  center  of  gravity  is  C  in  the 
direction  BD  perpendicular  to  DC  in  order  to  give  the  body  a  given  momentum 
in  the  hne  BD  is  the  same  which  would  be  required  to  give  it  the  same  quantity 
of  momentum  provided  the  force  was  applied  directly  on  its  center  of  gravity. 

The  aboveraenlioned  force  impressed  at  D  will  be  spent  partly  in  giving  the 
center  of  gravity  of  the  body  a  motion  in  the  direction  BD  and  partly  in  making 
the  body  revolve  round  its  center  of  gravity;  now  it  must  be  observed  that  as 
the  body  revolves  round  its  center  of  gravity  at  the  same  time  that  the  above 
mentioned  center  moves  in  the  direction  BD  there  will  be  a  certain  point  in  it 
which  will  be  at  rest  immediately  after  the  impression  of  the  force,  whilst  all 
the  other  parts  of  the  body  have  exactly  the  same  motion  as  if  they  revolved 
round  that  jroint  as  a  field  center  just  as  when  a  wheel  rolls  along  that  point 
which  touches  the  ground  stands  still  during  the  instant  of  its  touching  it.  Let  G 
taken  somewhere  in  the  line  DC  produced  represent  that  point  (for  it  will  be 
somewhere  in  that  line)  and  suppose  the  whole  quantity  of  matter  in  the  body 
to  be  collected  in  any  number  of  points  LMU  and  a.  The  velocity  with  which 
any  point  L  moves  is  as  GL  and  the  direction  of  its  motion  in  the  hne  IL  per- 
pendicular to  GL,  the  reaction  of  the  point  L  or  the  force  with  which  it  resists 
being  put  into  motion  by  drawing  L  from  L  towards  /  endeavours  to  make  G 
move  from  G  towards  0  were  it  not  hinderd  by  the  reaction  of  the  rest  of  the 
body.  By  the  preceding  Lemma  the  force  with  which  G  is  drawn  towards  0 
by  the  reaction  of  L  is  equal  to  that  part  of  the  force  impressed  at  D  which  is 
spent  in  giving  L  its  momentum  +  that  part  of  the  reaction  of  L  which  acts 
in  the  same  direction  as  the  force  impressed  at  D  (or  since  the  reaction  of  a 

c.p.  17 


4 1 8  Unpublished  Papers 

body  put  in  motion  is  in  a  directly  contrary  direction  to  the  motion  of  the  body) 
— that  force  which  is  required  to  give  the  point  L  its  velocity  in  the  same  direc- 
tion as  the  force  impressed  at  D.  The  case  is  the  same  in  respect  to  any  other 
point  of  the  body.  Therefore  the  force  with  which  G  is  pressed  towards  0  by 
the  united  reaction  of  all  the  parts  of  the  body  is  equal  to  the  whole  force  im- 
pressed at  D  minus  the  force  which  would  be  spent  in  giving  the  whole  body  its 
velocity  in  the  direction  BD  supposing  the  force  applied  directly  on  its  center  of 
gravity ;  but  as  the  point  G  is  at  rest  this  is  necessarily  nothing,  therefore  the  force 
impressed  at  Z)  is  the  same  which  would  be  required  to  give  the  body  the  same 
quantity  of  momentimi  if  the  force  was  appUed  directly  on  its  center  of  gravity  ^ 
It  appears  also  from  the  latter  part  of  the  preceding  lemma  that  (as  the 
velocity  of  Af  is  proportional  to  MG)  the  force  with  which  G  is  pressed  by  the 
resistance  of  M  along  the  line  DG  either  to  or  from  G  according  to  which  side 

of  DG  the  point  M  Ues  is  proportional  to  MG  x  —  =  Mr\  hence  appears  the 

truth  of  what  I  before  took  for  granted  that  G  must  be  somewhere  in  the  line 
passing  through  D  and  the  center  of  gravity  (for  if  it  was  not  it  must  have  a 
motion  in  the  direction  DG)  and  also  that  the  center  of  gravity  must  move  in 
a  line  parallel  to  BD. 

When  2  perfectly  elastick  bodies  of  whatever  shape  strike  each  other  in  any 
manner  whatever  the  sum  of  their  mechanical  momenta,  not  computed  in  one 
given  direction  but  in  any  direction  whatsoever,  will  be  the  same  after  the  stroke 
as  before. 

When  you  say  that  the  momenta  of  2  bodies  computed  by  the  mass  multi- 
plied in  the  velocity  are  the  same  after  the  stroke  as  before  you  consider  it 
only  as  made  in  a  given  direction,  therefore  if  a  body  moves  in  a  contrary 
direction  you  look  upon  its  momentum  as  negative,  if  at  right  angles  to  it  as 
nothing;  but  in  this  case  whatever  is  the  direction  of  a  bodys  motion  I  still  look 
upon  it  as  positive  and  the  same  as  if  it  was  made  in  any  other  direction. 

There  is  no  need  here  of  running  into  disquisitions  concerning  the  nature  of 
absolute  and  relative  motion ;  for  suppose  any  given  point  to  be  at  rest  and 
compute  the  motion  your  system  of  bodies  as  they  are  in  respect  to  that  point, 
the  truth  of  the  proposition  will  be  the  same  whether  that  point  is  really  at 
rest  or  moving  uniformly  forwards  in  a  right  line*. 

ist  case.  Let  the  2  bodies  impinge  directly  on  each  other;  suppose  the 
quantity  of  matter  in  the  ist  body  as  A  and  in  the  2nd  as  B  and  let  the  velocity 
of  the  ist  body  before  the  stroke  be  equal  to  %  +  fi  and  that  of  the  2nd  to 

*  [This  involved  argument  is  to  prove  that  the  centre  of  gravity  moves  as  if 
all  the  forces  were  transferred  to  that  point  and  the  mass  were  all  collected  there. 
The  general  theorem  of  conservation  of  the  motion  of  the  centre  of  gravity  where 
there  are  no  extraneous  forces  is  established  by  Newton  in  the  Introduction  to  the 
Principia :  the  present  extension  is  ascribed  by  Lagrange  to  d' Alembert,  and  directly 
follows  from  his  analytical  method.  Though  Cavendish's  method  resembles  Newton's 
in  its  geometrical  character,  he  threshes  the  subject  out  for  himself  as  usual,  without 
any  dependence  on  authorities.] 

*  [That  is,  interchanges  of  energy  in  impacts  are  not  affected  by  a  uniform 
motion  of  translation  of  the  whole  system:  and  this  could  not  be  so,  unless  the 
momentum  is  conserved.] 
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X  -  -4  ;  it  b  plain  that  by  altering  the  value  of  x  in  respect  oi  A.x  +  B  may  be 
made  to  bear  any  assignd  proportion  to  ;i;  -  ^  and  therefore  this  is  an  unlveisal 
expression  for  the  velocity  of  the  2  bodies';  after  the  stroke  the  velocity  of  the 
ist  body  =x  -  B  and  that  of  the  2nd  x  +  A;  before  the  stroke  the  sum  of  the 
mechanical  momenta  of  the  bodies 

=  xTB"  k  .4  +  i^TA^^  X  B  =^x^A  +  x*B  +  2ABx  -  zABx  +  A*B  +  BM 
the  momenta  after  the  stroke  =  x  -  B^  "  A  +  x  +  A^  i  B  which  is  likewise 
equal  to  x*A  +  x^B  -  zABx  +  2ABx  +  -4*S  +  BM  [whatever  x  may  be]. 

Case  2nd.  If  any  2  bodies  whose  centers  of  gravity  areA  &  B  and  the  direc- 
tions of  whose  motion  are  expressed  by  the  lines  FA  and  BC  strike  each  other 
obUquely,  supposing  however  that  the  point  in  which  they  strike  one  another 
and  that  they  are  void  of  friction  by  which  means  they  will  acquire  no  revolving 

c 


motion  by  the  stroke,  they  will  retain  the  same  quantity  of  mechanical  mo- 
mentum after  the  stroke  as  before;  for  by  resolving  the  motions  FA  and  BC 
into  FE  and  EA.  CD  and  DB  whereof  FE  and  CD  are  parallel  to  the  line  AB 
joining  their  centers  of  gravity  and  EA  and  DB  perpendicular  to  it,  by  the  last 
proposition  the  sum  of  their  mechanical  momenta  along  the  line  FE  or  CD  is  the 
same  before  and  after  the  stroke  whilst  their  motions  along  EA  and  DB  are  not  at 
all  alter'd ;  therefore  as  whole  mechanical  momentum  of  it  is  equal  to  the  sum  of 
its  mechanical  momenta  along  ff  and  £-4  because  Fvl*  =  FE'  +  EA*  the  sum  of 
the  entire  mechanical  momenta  of  A  and  B  are  the  same  after  the  stroke  as  before. 
To  prove  that  the  same  thing  will  take  place  computing  the  mechanical 
momentum  of  a  body  by  the  sum  of  the  mechanical 
momenta  of  all  its  parts,  though  the  bodies  acquire 
a  revolving  motion  from  the  stroke,  we  need  only 
prove  that  supposing  a  body  at  rest  whose  center 
of  gravity  is  C  to  be  acted  upon  at  A  by  any  force 
in  the  direction  BA  perpendicular  to  AC,  that  the 
body  will  react  at  A  with  the  same  force  as  another 
body  acted  upon  in  the  direction  of  its  center  of 
gravity  of  such  a  bigness  that  it  should  receive  tlie 
same  quantity  of  mechanical  momentum. 

For  by  the  preceding  prop,  there  will  be  a  certain  point  D  which  will  be  at  rest 
immediately  after  the  stroke  therefore  the  velocity  communicated  to  any  particle 
'  [It  would  be  simpler  to  write  *  + ABand  *  -kA,  where  A  is  arbitrary;  and  so  on.] 
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115  days  afterwards  the  latitude  of  the  same  places  would  be  i"  more  southerly 
than  the  mean,  and  then  all  the  stars  would  cross  the  meridian  i"  too  much 
to  the  north. 

The  historical  interest  of  this  subject  has  prompted  renewed  examination 
of  the  lengthy  and  complex  .computations  in  the  manuscript,  "On  the 
motion  of  a  solid  of  revolution  from  its  centrifugal  force."  By  powerful 
but  hardly  elegant  use  of  spherical  geometry  he  arrives  at  an  expression 
for  the  centrifugal  effect  of  the  motion,  giving  a  final  result  of  the  same 
type  as  in  this  fragment :  but  it  would  involve  a  tedious  examination  to  find 
whether  the  value  of  his  coefficient  (a)  agrees  in  general  with  the  Eulerian  one. 

As  a  geometrical  lemma  he  establishes  the  law  for  finding  the  angular 
velocity  which  is  the  resultant  of  three  given  ones  round  axes  OP,  Op,  Om 
marked  by  points  P,  p,  m  on  a.  spherical  surface. 

There  is  also  a  separate  paper  with  the  object  probably  of  making  the 
problem  of  free  rotation  manageable,  in  the  absence  of  the  resources  of 
analysis,  for  the  general  form  of  soUd  without  an  axis  of  symmetry.  He 
establishes  for  the  case  of  a  right  solid  the  principle  of  kinetic  equivalence : 
"the  resistance  of  the  whole  solid  is  the  same... as  if  J  of  the  whole  quant, 
matter  was  placed  in  the  centers  of  each  of  the  six  faces  of  the  parallele- 
piped," which  reduces  that  problem  to  one  relating  to  particles. 

In  Euler,  De  Motu,  1765,  Ch.  xii  there  is  only  a  passing  reference  to 
the  effect  on  latitudes,  which  is  the  application  that  is  of  outstanding 
modem  importance,  and  is  Cavendish's  main  concern  in  the  formulation 
here  reproduced. 

EFFICIENCY  OF  AN  UNDERSHOT  WATER  WHEEL 

Calculation  of  maximum  and  force  of  undershot  wheels  in  which  the  float 
boards  are  of  such  a  breadth  that  the  water  shall  dash  over  them  and  in  which 
Uttle  or  no  water  can  escape  between  the  floats  and  the  sides. 

All  the  water  which  issues  through  the  sluice  loses  the  excess  of  its  velocity 
above  that  of  the  wheel. 

Therefore  the  pressure  upon  the  wheel  is  such  as  would  in  a  given  time 
communicate  to  all  the  water  which  issues  through  the  sluice  in  that  time  a 
velocity  equal  to  the  excess  of  the  velocity  of  the  issuing  [entering?]  water 
above  that  of  the  wheel  and  therefore  (as  the  quantity  of  water  which  issues 
through  the  sluice  in  a  given  time  is  given)  is  proportional  to  that  excess. 

Therefore  the  quantity  of  work  done  by  the  wheel  is  proportional  to  the 
velocity  of  the  wheel  into  the  excess  of  velocity  of  the  issuing  water  above  that 
of  the  wheel  and  is  a  maximum  when  the  velocity  of  the  wheel  is  J  that  of  the 
issuing  water. 

The  pressure  acting  upon  the  wheel  when  it  moves  with  J  the  velocity  of  the 
issuing  water  is  J  the  weight  of  the  water  which  issues  from  the  sluice  in  the  time 
in  which  a  heavy  body  will  in  falling  by  its  own  weight  acquire  the  velocity  of 
the  issuing  water. 


Mathematical  and  Dynamical  4 1  3 

The  velocity  of  the  wheel  in  the  same  case  is  such  as  would  in  the  abovesaid 
time  move  through  a  space  equal  to  the  height  from  which  a  body  must  fall 
to  acquire  the  velocity  of  the  issuing  water. 

Therefore  the  greatest  effect  of  an  undershot  wheel  is  such  as  would  in  a 
given  time  raise  a  weight  equal  to  that  of  \  the  water  which  issues  from  the  sluice 
in  that  time  to  the  height  from  which  a  body  must  fall  to  acquire  the  velocity 
of  the  issuing  water. 

The  fallacy  of  the  common  answer  to  this  problem  consists  chiefly  in  supposing 
the  water  to  act  only  upon  that  float  nearest  the  sluice  whereas  in  reahty  the 


water  contained  between  the  float  {a)  and  (6)  continues  to  act  upon  the  float  (6) 
(after  the  float  [a)  is  interposed  between  it  and  the  sluice)  till  it  comes  to  move 
with  no  greater  velocity  than  the  wheel. 

In  a  manuscript  "On  the  engine  for  raising  water  by  a  centrifugal 
force"  it  is  shown  that  when  the  wafer  spurts  out  from  the  end  of  a 
rotating  horizontal  pipe  "The  force  [work]  requisite  to  move  this  engine 
for  any  time  is  such  as  is  sufficient  to  raise  the  quantity  of  water  which 
issues  from  the  horiz.  pipe  in  that  time  to  2"  the  height  ^D."  The  differ- 
ence appeal^  of  course  chiefly  as  kinetic  energy  of  the  issuing  water. 

ON  THE  MOTION  OF  SOUND 

The  method  of  proof  in  the  carefully  written  manuscript,  which  he  de- 
scribes as  in^ra,  is  to  assume  that  when  the  piston  vibrates  in  any  manner 
the  air  along  the  tube  takes  up  the  same  type  of  vibration  but  after  a  time 
represented  by  the  velocity  of  propagation,  and  then  to  verify  that  this 
description  fits  with  the  motion  of  a  portion  of  air  as  determined  by  the 
difference  of  pressure  at  its  two  ends,  provided  however  the  compression 
is  small.  There  is  a  discussion  of  what  may  be  expected  when  the  ampli- 
tude of  vibration  is  so  great  that  this  verification  holds  good  only  for  the 
turning  points  of  the  vibration,  remotely  after  the  manner  of  Rayleigh's 
Theory  of  Sound,  u,  §  251.  It  is  noted  that  the  velocity  of  a  wind  adds  to 
that  of  the  sound. 

The  occasion  of  my  writing  this  paper  was  as  follows  Sr  I.  N.  [Newton] 
proved  that  if  the  vibrating  body  moved  with  a  velocity  regulated  according 
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to  the  same  law  as  a  pendulum  vibrating  in  a  cycloid,  the  particles  of  air  would 
vibrate  with  a  velocity  regulated  according  to  the  same  law,  but  does  not  prove 
that  they  will  if  the  body  vibrates  in  any  other  manner.  Euler  proved  that 
Newtons  demonstration  was  equally  applicable  if  the  body  moved  in  the  same 
manner  as  a  body  vibrating  in  a  parabola  and  some  other  figures  and  if  I  mistake 
not  supposed  it  an  objection  to  the  demonstration ;  this  made  me  suspect  that 
the  case  was  that  according  to  whatever  law  the  body  vibrated  the  air  would 
do  the  same  and  set  about  trying  to  demonstrate  it. 

Besides  making  it  general  there  are  2  or  3  other  points  in  which  this  demon- 
stration differs  from  Newtons  first  in  reducing  his  3  propositions  into  one  which 
makes  it  a  good  deal  clearer  2ndly  it  is  drawn  from  the  well  known  property 
that  the  density  of  the  air  is  in  proportion  to  the  compression  instead  of  the 
property  which  Newton  deduces  from  it  that  the  particles  of  air  repel  with  a 
force  inversely  as  the  distance  and  3rd  that  in  the  ist  part  the  air  is  supposed 
to  be  confined  in  a  straight  uniform  canal  because  Newtons  demonstration  is  in 
reality  applicable  only  to  that  case.  In  the  2nd  part  however  it  is  extended 
to  the  case  of  a  conical  canal  which  comes  to  much  the  same  thing  as  if  the 
sound  is  produced  in  the  open  air. 

THE  DISCHARGE  OF  A  CANNON  BALL 

Internal  ballistics.  "  Investigation  of  the  loss  of  force  owing  to  the 
inertia  of  the  powder." 

The  density  of  the  inflamed  air  will  be  greater  at  bottom  of  the  barrel  than 
near  the  bullet  as  having  a  greater  quantity  of  matter  to  put  in  motion;  the 
proportion  which  the  density  at  bottom  and  at  bullet  near  to  each  other  remains 
pretty  nearly  the  same  in  whatever  part  of  the  barrel  the  bullet  is  in  after  the 
space  through  which  the  bullet  has  moved  bears  any  considerable  proportion 
to  the  space  occupied  by  the  powder.  The  force  with  which  the  powder  actually 
acts  upon  the  ball  is  to  the  force  with  which  it  would  act  upon  it  if  the  powder 
^  had  not  inertia  as  the  density  of  the  inflamed  air  at  the  bullet  to  the  mean 

density  or  the  density  which  it  would  be  of  supposing  it  every  where  alike. 

On  this  basis  a  calculation  is  made  by  fluxions  which  allows  also  for  the 
escape  of  the  inflamed  air  past  the  sides  of  the  ball,  on  the  basis  "  Elasticity 
of  air  gener.  by  powder  before  ball  is  moved  =  1000  atmospheres" :  of  course 
the  cooling  effect  of  expansion  does  not  appear.  Results  and  data  from 
"Rob"  (=  Robins)  are  adopted  as  follows: 

Height  bullet  discharged  with  vel.  1700  would  rise  in  vacuo  =  44930  feet 
=  8J  miles  therefore  its  greatest  range  would  be  17  miles  its  actual  range  is 
supposed  less  than  \  mile. 

Vel.  of  24 1.  cannon  ball  discharged  from  piece  10  feet  long  with  full  charge 
of  powder  id  est  16  pounds  =  near  1650  feet  per  "  the  greatest  range  of  such 
a  shot  in  vacuo  would  be  about  16  miles  its  real  range  is  less  than  3  miles 
its  resistance  at  that  vel.  is  near  23  times  its  weight. 
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REMARKS   ON    THE   THEORY   OF  MOTION 


If  the  force  by  which  a  body  is  accelerated  is  given  the  velocity  acquired 
by  it  will  be  as  the  time  during  which  it  is  accelerated.  If  the  time  is  given 
the  velocity  acquired  will  be  as  the  accelerating  force. 

Therefore  the  velocity  acquired  by  any  body  is  as  the  accelerating  force 
multiplied  into  the  time  during  which  it  acts. 

The  velocity  acquired  by  a  body  acted  on  by  a  given  accelerating  force  is 
as  the  square  root  of  the  space  through  which  it  is  accelerated.  If  a  body 
accelerated  by  a  given  force  acquires  a  certain  velocity  v  in  falling  through  a 
given  space  s  the  same  body  acted  upon  by  a  force  which  is  to  the  ist  as  (n) 
to  {i)  will  in  falling  through  the  same  space  acquire  the  velocity  v  »  ■\/a  for  the 
body  will  in  the  same  time  that  it  described  the  space  s  by  the  ist  force  describe 
the  space  s  k  a  by  the  2nd  and  at  the  end  of  it  acquire  the  velocity  u  «  a 
therefore  if  in  falling  through  the  space  (s  <  a)  it  will  acquire  the  velocity  v  y.  a 
in  falUng  through  the  space  (s)  it  will  acquire  the  velocity  %'  »  v'"- 

Therefore  the  velocity  acquired  by  a  body  falling  through  a  given  space  is 
in  the  subduplicate  ratios  of  the  accelerating  force. 

Therefore  the  velocity  acquired  by  a  body  is  as  the  square  root  of  the 
accelerating  force  multiplied  into  the  square  root  of  the  space  passed  over. 

From  hence  appears  the  nature  of  the  dispute  concerning  the  force  of  bodies 
in  motion :  for  if  you  measure  this  force  by  the  pressure  multiplied  into  the  time 
during  which  it  acts  the  quantity  of  force  which  a  moving  body  will  overcome 
or  the  force  requisite  to  put  a  body  in  motion  or  in  other  words  the  force  of  a 
body  in  motion  will  be  as  the  velocity  multiplied  into  the  quantity  of  matter, 
but  if  you  measure  it  by  the  pressure  multiplied  into  the  space  through  which 
it  acts  upon  the  body  the  force  of  a  body  in  motion  will  be  as  the  square  of 
velocity  multiplied  into  the  quantity  of  matter.  The  ist  way  of  computing  the 
force  of  bodies  in  motion  is  most  convenient  in  most  Philosophical  enquiries 
but  the  other  is  also  very  often  of  use,  as  the  total  effect  which  a  body  in  motion 
will  have  in  any  mechanical  purposes  is  as  the  quantity  of  matter  multiplied 
into  the  square  of  its  velocity;  for  in  all  mechanical  purposes  the  force  must  be 
measured  by  the  weight  or  resistance  to  be  overcome  multiplied  into  the  height 
to  which  it  is  raised  or  the  space  through  which  it  is  moved,  thus  it  requires  an 
equal  force  to  raise  the  weight  of  one  pound  2  yards  as  it  does  to  raise  2  pound 
I  yard  for  the  same  force  which  is  employed  to  raise  i  pound  to  2  yards  will 
by  a  proper  machine  raise  2  pounds  i  yard  height.  What  I  have  here  said  will 
appear  plainer  by  examples. 

If  a  body  moving  with  i  degree  of  velocity  is  able  to  compress  i  spring  to 
a  certain  distance  the  same  body  moving  with  a  degrees  of  velocity  will  compress 
4  springs  to  the  same  distance. 

If  in  any  machine  a  weight  by  descending  communicates  any  degree  of  motion 
to  the  parts  of  the  machine  as  in  fig.  ist  PI.  ist  [p.  428]  where  the  weight  (a) 
is  suspended  by  the  string  AB  which  is  wound  round  the  axis  BC  so  that  the 
weight  cannot  descend  without  putting  in  motion  the  fly  djg,  then  if  the  weight 


^ 
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momenta  which  they  could  give  it  separately,  and  as  the  body  will  receive 
the  same  encrease  of  Mechanical  momentimi  in  falling  through  aA  whatever 
velocity  it  enters  that  space  with,  it  will  in  falling  through  aA  by  the  united 
attractions  or  repulsions  of  all  the  bodies  receive  an  encrease  of  Mechanical 
momentum  equal  to  the  simi  of  those  it  would  receive  in  falling  through  bj9  by 
the  attraction  of  B  through  kic  by  the  repulsion  of  C  &*:  therefore  the  quantity 
of  mechanical  momentiun  acquired  in  falling  through  A  a  [under]  the  united  at- 
tractions or  repulsions  of  all  the  bodies  equals  the  sxaa  those  it  would  in  moving 
through  Ah,  Ac,  Ad  &*  by  their  proper  attractions  or  repulsions  singly,  q.e.d. 

If  any  point  B  instead  of  being  considerd  as  inunoveable  is  in  motion  then 
the  encrease  of  mechanical  momentum  produced  in  -4  by  the  attraction  of  B 
above  what  it  would  acquire  by  the  attraction  or  repulsion  of  the  other  bodies 
added  to  that  produced  in  J5  by  the  same  attraction  is  equal  to  that  produced 
in  a  body  in  falling  by  the  same  attraction  through  the  space  by  which  those 
2  bodies  approach  one  another. 

Therefore  if  there  is  a  system  of  bodies  A,  B,  C,  D,  E  &*  attracting  or 
repeUing  each  other  in  the  abovemention'd  manner  compute  the  mechanical 
momentimi  which  it  could  produce  in  or  take  away  from  B  in  falling  from  B 
to  A  and  also  the  momentum  which  it  could  produce  in  C  in  falling  from  C  to  A 
as  also  what  it  could  produce  by  the  same  means  in  all  the  other  bodies  D,  E 
&» :  in  like  manner  compute  the  momentum  which  the  attraction  of  B  could 
produce  in  all  the  bodies  which  it  attracts  except  A  (as  the  momentum  produced 
by  their  mutual  attraction  was  before  computed)  compute  also  the  momentum 
which  C  could  produce  in  all  the  bodies  it  acts  upon  except  A  and  B  and  do  the 
same  thing  by  all  the  other  bodies,  then  the  sum  of  these  additional  mechanical 
momenta  added  to  the  real  momenta^  with  which  the  bodies  are  moving  will 
remain  constantly  the  same  and  will  not  be  alterd  by  their  actions  upon  one 
another. 

Cor  1st.  If  any  nimiber  of  perfectly  elastick  bodies  or  particles  mutually 
repellent  in  the  manner  above  described  are  included  in  any  space  and  put  in 
motion,  the  sum  of  their  mechanical  momenta  though  it  will  not  be  constantly 
strictly  equal  because  the  sum  of  those  additional  momenta  which  are  necessary 
to  be  added  in  order  to  make  it  so  is  not  always  the  same,  will  yet  be  nearly  so 
if  the  number  of  bodies  be  very  great,  but  whether  the  nimiber  of  bodies  be 
great  the  sum  of  their  mechanical  momenta  can  never  continue  either  encreasing 

*  [Namely,  the  kinetic  energy  and  the  potential  energy,  the  latter  being  here  proved 
to  subsist  in  a  field  of  attractions  provided  the  forces  depend  only  on  the  distances. 
Compare  the  same  argument  and  reservation,  expressed  more  analytically,  in  Helm- 
holtz  's  Erhaltung  der  Kraft,  1847.  The  potential  energy  of  extended  springs  is  explicitly 
introduced  in  Cor.  5  infra :  it  is  the  same  as  Daniel  Bernoulli's  vis  viva  potentialis  men- 
tioned by  Euler,  De  Curvis  Elasticis,  §  i,  1744.  The  theorem  of  vis  viva  was  extended 
to  bodies  moving  under  mutual  forces  of  attraction  by  D.  Bernoulli  in  Berlin 
Memoirs,  1748.  In  Hydrodynamica,  Sec.  10  (1738),  D.  Bernoulli  had  proposed  the 
air  thermometer  as  the  natural  standard  of  "heat";  also  he  calculates  the  potential 
energy  of  compression  of  air  (at  uniform  temperature),  and  speaks  of  the  definite 
amount  of  "vis  viva  quae  in  carbonum  pede  cubico  latet"  being  hberated  by 
combustion,  and  (referring  to  Amontons)  he  speaks  of  its  mechanical  utihzation.] 
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or  diminishing  for  ever  (because  the  bodies  cannot  continue  either  approaching 
nearer  to  or  receding  further  from  each  other  for  ever)  but  must  sometimes 
encrease  sometimes  diminish  and  their  mechanical  momenta  taken  at  a  medium 
will  remain  always  the  same. 

If  you  suppose  them  to  be  elastick  bodies  there  is  no  need  that  they  should 
be  spherical  since  the  only  reason  why  I  supposed  the  repulsive  or  attractive 
force  of  each  body  to  be  equal  at  equal  distances  is  this,  that  if  I  supposed  the 
repulsive  or  attractive  force  of  the  body  to  be  as  is  represented  in  fig.  2nd 
pi.  3rd  where  A  represents  the  central  body  and  whose  central  force  is  supposed 
equal  in  each  part  of  the  same  Une  BCD,  bed  &*  which  are  driven  further 
distant  from  each  other  and  from  the  center  at  S  and  6  than  at  the  opposite 
part  D  then  a  body  moving  along  BbecC  would  be  more  acted  upon  by  the 
central  body  in  moving  from  B  to  e  than  from  e  to  C.  But  if  you  suppose  the 
attractive  or  repulsive  force  of  the  body  to  be  as  represented  in  fig.  3rd  PI.  3rd 
where  D  represents  tlie  body  and  where  the  lines  A  BC.  abc.  a^K  &"  in  all  parts  of 
which  the  attraction  is  supposed  of  equal  strength'  are  drawn  in  such  manner 
that  if  you  draw  lines  as  Bfi  perpendicular  to  ABC  or  abc  the  distances  of  those 
lines  from  one  another  measured  along  Bj8  shall  be  everywhere  the  same,  then 
it  will  be  impossible  for  a  body  to  come  within  the  action  of  the  body  in  such 
a  manner  but  what  it  must  be  as  much  attracted  or  repelled  in  descending 
towards  the  body  as  in  rising  from  it  and  the  case  will  be  the  same  as  to  pre- 
serving the  same  quantity  of  mechanical  momentum  as  if  the  force  was  every- 
where equal  at  equal  distances  from  the  center.  In  this  case  as  well  as  that  of 
elastick  bodies  the  bodies  will  by  their  actions  upon  one  another  acquire  a 
revolving  motion'  but  this  will  make  no  difference  by  what  has  been  said  before. 

The  truth  of  this  corollary  is  greatly  conlinned  by  a  preceding  passsage 
where  I  shewed  that  the  mechanical  momentum  of  2  perfectly  elastick  bodies 
was  not  alterd  by  their  striking  against  each  other. 

Cor  2nd.  Heat  most  likely  is  the  vibrating  of  the  particles  of  which  bodies 
are  composed  backwards  and  forwards  amongst  themselves;  therefore  if  bodies 
are  composed  of  particles  attracting  or  repelling  one  another  in  the  manner 
above  described  their  heat  must  remain  constantly  the  same  except  as  far  as 
it  is  alterd  by  receiving  from  or  communicating  heat  to  other  bodies,  and  when- 
ever 2  bodies  of  different  heats  are  mixed  together  or  otherwise  placed  so  that 
one  may  receive  heat  from  the  other,  one  will  receive  as  much  mechanical 
momentum  or  in  other  words  as  great  an  encrease  of  heat  multiplied  into  its 
quantity  of  matter  as  the  other  loses  so  that  the  sum  of  their  mechanical 
momenta  may  remain  unalterd.  But  there  is  plainly  both  an  encrease  and  loss 

'  [He  is  here  strugghng  without  success  towards  the  modern  idea  of  curves  of 
constant  potential:  but  the  concluKon  is  conectly  established  at  the  top  of  the 
precedins  page.   The  figures  are  on  p.  430.] 

•  [Compare  in  connexion  with  this  and  the  end  of  the  previous  paragraph  the 
modem  dynamical  theory  of  gases;  but  Cavendish  is  intent  mainly  on  the  balance 
of  energy.  The  nature  of  pressure  and  elasticity  had  been  present  to  Huygens  long 
before.  Compare  also  more  especially  the  theory  of  heat  expounded  in  the  next 
paragraph,  which  involves  the  steady  state  of  internal  motion,  above  deduced,  with 
a  definite  amount  of  internal  energy,  for  each  temperature  or  state  of  "heat."] 
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of  heat  without  receiving  it  from  or  communicating  it  to  other  bodies,  as  appe. 
from  the  fermentations  and  dissolutions  of  various  substances  in  which  then 
sometimes  an  encrease  sometimes  a  loss  of  heat  as  well  as  from  the  bumine 
bodies  in  which  there  is  a  vast  encrease  of  heat  above  what  can  reasoneabK 
supposed  to  be  produced  by  the  action  of  emitting  light ;  and  as  this  1  th: 
cannot  with  the  least  probability  be  supposed  to  arise  from  the  attractiiiE 
repelling  particles  approaching  nearer  or  receding  further  from  one  another, 
which  means  the  sum  of  those  above  mentiond  additional  momenta  may  be  alit 
the  particles  must  either  not  attract  or  repel  equally  at  equal  distances  or  m 
act  stronger  when  placed  in  some  particular  situations  than  others  or  sometb 
else  of  that  nature*.  One  would  be  apt  at  first  to  explain  this  by  supposing  tt 
to  attract  or  repel  some  kind  of  bodies  stronger  than  others ;  but  then  it  she 
seem  as  if  there  should  always  ensue  an  encrease  heat  whenever  2  bodies 
mixed  which  mix  together  with  any  degree  of  force  whereas  there  is  often  ] 
duced  a  great  degree  of  cold  thereby  as  in  mixing  salt  and  water.  There  are  ol 
reasons  too  which  seem  to  shew  that  this  way  of  explaining  it  is  insuffidec 

Cor  3rd.  When  any  number  of  rays  of  light  strike  any  body  so  as  t( 
reflected  backwar<k  and  forwards  within  it  without  ever  emerging  from  it  1 
will  communicate  their  whole  momentum  to  it,  but  when  they  are  reflected  f 
the  body  immediately  as  they  will  be  returned  with  nearly  the  same  swift 
with  which  they  struck  it  they  will  communicate  a  very  small  part  of  t 
momenta  to  it ;  which  is  the  reason  why  black  bodies  heat  so  much  faster  in 
sun  than  white. 

Cor  4th.  When  a  vibrating  body  causes  any  pulse  or  sound  in  the  air 
posing  it  to  be  a  perfectly  elastick  fluid,  as  soon  as  the  body  has  performi 
vibration  compute  the  quantity  of  mechanical  momentum  communicatei 


4<C 
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the  air  together  with  the  momentum  which  would  be  produced  by  the  ci 
pressed  or  rarefyed  air  restoring  itself  to  its  natural  situation;  that  quan 
will  be  neither  encreased  or  diminished  as  the  pulse  moves  forwards,  ani 
there  is  any  hollow  vessel  BCDE  whose  length  BC  is  greater  than  the  lengtl 

•  [Alternatively,  some  source  of  intrinsic  or  structural  potential  energy  (e.g 
orbital  motions  in  an  electiical  molecule)  must  be  drawn  upon  when  chemical  chai 
occur.  This  well-founded  reservation  may  afford  the  reason  for  some  remark: 
Cavendish  in  other  connexions,  which  have  been  interpreted  as  leaning  towa 
the  caloric  theory.    See  also  footnote,  p.  408. 

It  is  noteworthy  that  a  very  significant  aphorism  of  Newton,  color  est  agit, 
.  parlium  quaquavetium,  heat  ia  uncoordinated  internal  motion,  occurs  abruptly  i 
chemical  memorandum  in  Latin,  printed  in  Horsley's  Edition,  vol.  iv,  pp.  397— 4< 
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pulse  with  its  large  end  BE  open  and  tum'd  towards  the  sound  as  soon  as 
le  pulse  is  intitely  within  the  vessel  or  which  is  the  same  thing  when  the 
—iidennost  part  of  the  pulse  is  within  the  line  BE  compute  as  before  the  quantity 
^>f  momentum  of  the  air  within  the  vessel;  that  quantity  will  not  be  alterd  as 
*he  pulse  proceeds  on  towards  the  narrower  part  of  the  vessel  therefore  the 
"^velocity  of  the  vibrating  fluid  together  with  the  compression  and  rarefaction 
*'of  the  air  and  the  length  of  the  pulse  will  be  greater  in  the  narrow  part  of  the 
*  vessel  than  the  other.  This  is  the  reason  why  deaf  people  hear  better  by  applying 
^  those  kind  of  funnels  which  they  sometimes  make  use  of  to  their  ears. 
^        '[For  like  manner  when  the  tide  runs  up  any  branch  arm  of  the  sea  which 
"  -  is  broader  and  deeper  at  the  mouth  than  further  in.  the  quantity  of  momentum 
' .  of  the  water  within  the  arm  encreased  by  that  which  might  be  produced  by  all 
'    the  particles  of  water  which  are  raised  above  their  natural  level  falling  down 
'.    to  their  level  will  remain  still  the  same  as  the  tide  proceeds  to  the  narrower  part 
of  the  arm,  and  consequently  the  height  to  which  the  tide  rises  together  with 
the  velocity  of  the  water  and  perhaps  length  of  the  tide  or  pulse  will  be  en- 
creased,  supposing  the  water  to  be  perfectly  fluid  or  to  yield  perfectly  easily 
to  any  motion  impressed  upon  it  and  to  be  intirely  void  of  cohesion  and  friction, 
for  in  that  case  as  no  force  could  be  lost  friction  or  the  impinging  of  one  body 
against  the  other  the  case  would  hold  equally  good  as  in  a  perfectly  elastick  fluid. 
N.B.    I  here  consider  the  motion  of  tides  as  ejtactly  analogous  to  the  pulses 
of  air  in  sound. 

Any  kind  of  waves  or  such  like  motions  either  in  air  or  water  would  upon 
the  same  supposing  the  fluid  as  before  to  be  void  of  friction  &"  would  continue 
their  motions  in  it  for  ever.] 

Cor.  5th,  fig.  ist.  Suppose  any  number  of  bodies  as  A,  B,  C,  D  &'  connected 
together  in  any  manner  by  perfectly  elastick  springs  and  suspended  from  one 
or  more  fixed  points  as  E,  f  &=  to  be  put  in  motion,  the  sum  of  their  me- 
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chanical  momenta  added  to  the  momenta  which  might  be  produced  by  the 
restoring  of  the  springs  to  any  given  degree  of  tension  and  the  falling  of  the 
bodies  to  their  proper  level  will  remain  constantly  the  same. 

Fig.  2nd.  The  same  thing  will  hold  good  if  the  bodies  instead  of  being  connected 
'  [The  paragraphs  within  brackets  are  marked  to  be  deleted  in  the  manuscript.] 
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by  springs  are  connected  by  solid  infiexible  rods  only  made  so  that  the 
shall  be  intirely  void  of  friction  or  shaking  and  that  the  parts  of  the  engii 
so  constructed  that  they  cannot  impinge  against  one  another ;  for  suppose 
the  rod  AB  instead  of  being  absolutely  inflexible  were  perfectly  elastic 
of  such  a  nature  that  it  would  require  an  infinite  force  to  compress  or  be 
in  that  case  it  would  certainly  hold  good,  but  as  long  as  this  rod  is  acted 
by  only  finite  powers  it  is  of  no  signification  whether  it  is  inflexible  or  ol 
an  elasticity  here  mention 'd;  but  if  2  of  these  rods  were  to  strike  against 
other  in  which  case  the  force  will  be  in&nite  then  there  will  be  a  total  difit 
between  the  2  cases  and  there  will  be  a  great  loss  of  force  if  the  rod  is  ij 
pressible ;  and  it  is  plain  from  the  nature  of  the  lever  and  all  mechanical  p 
and  from  what  was  said  concerning  bodies  striking  each  other  obhquel) 
the  parts  of  the  rod  AB  not  being  acted  on  immediately  by  the  springs  b 
the  mediation  of  the  lever  AB  can  make  no  alteration. 

And  in  general  we  may  conclude  that  whenever  any  system  of  bodie; 
motion  in  such  a  manner  that  there  can  be  no  force  lost  by  friction  imp 
elasticity  or  the  impinging  of  unelastick  bodies,  that  then  the  sum  of  th 
chanical  momenta  of  the  moving  bodies  added  to  the  sum  of  the  abovemeni 
additional  momenta  will  remain  constantly  the  same*. 


1  [This  surely  is  the  earliest  precise  enunciation  of  the  principle  of  the  c< 
vation  of  energy,  kinetic  and  potential,  including  enumeration  of  the  causes  tha 
to  its  degradation,  which  on  the  principles  of  Cor.  2  would  be  into  heat  of  pre 
equivalent  amount.] 
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CAVENDISH  AS  A  GEOLOGIST 


jAVENDisH  throughout  the  course  of  his  long  life  rarely  left  London  or 
lought  to  give  himself  a  holiday.  His  habits  were  so  fixed  and  regular 
nat  any  interruption  to  the  routine  of  his  daily  existence  was  irksome  to 
dm  and  was  resented  with  an  almost  peevish  impatience.  Whatever  rest 
le  needed  he  seemed  to  find  in  change  of  occupation.  The  chantis  of  the 
KJuntry  had  apparently  few  attractions  for  him.  But  at  one  period,  viz. 
isom  1785  to  1793,  he  was  led  to  take  up  the  study  of  Geology,  then  in 
its  infancy  as  a  science,  possibly  through  the  influence  of  his  friend  the 
Rev.  John  Michell,  who  occasionally  dined  with  him  at  the  Royal  Society 
Club,  and  in  whose  conversation  and  correspondence  he  took  great  interest. 
In  the  summer  and  autumn  of  1785,  1786,  1787  and  1793  he  made  a  series 
of  driving  tours  through  portions  of  central  and  southern  England  and 
Wales  in  company  with  Sir  Charles  Blagden,  at  one  time  Secretary  of 
the  Royal  Society,  partly  with  a  view  of  observing  their  geological  and 
mineralogical  features,  and  partly  to  familiarise  himself  with  technical  and 
manufacturing  operations  depending  upon  the  applications  of  chemistry 
and  physics.  Accounts  of  these  journeys  are  to  be  found  among  the 
Chatsworth  Manuscripts.  They  are  written  in  part  by  Cavendish  himself, 
in  part,  apparently,  by  Blagden  or  by  an  amanuensis.  As  narratives  of 
travel  they  have  no  particular  value,  nor  do  they  afford  any  special 
information  concerning  such  manufacturing  processes  as  he  was  able  to 
witness,  as,  for  example,  dyeing  in  the  west  of  England,  iron  manufacture 
and  mechanical  engineering  at  Birmingham  and  its  vicinity  when  he  visited 
Watt,  alum  manufacture  at  Whitby,  etc.  He  nowhere  expressed  any  feeling 
for  natural  scenery  and  he  seemed  wholly  unaffected  by  it.  But,  as  may 
be  surmised,  whatever  could  be  quantitatively  ascertained  was  religiously 
noted.  Thus  he  regularly  obser\-ed  by  means  of  a  way-wiser  the  distance 
travelled  each  day.  He  constantly  read  the  height  of  the  barometer  as 
indicating  the  rise  and  fall  of  the  roads  he  traversed.  He  observed  the 
angles  which  distant  hills  and  ridges  subtended  and  noted  the  tempera- 
tures of  the  deep  wells  he  came  across. 

Such  scientific  interest  as  these  itineraries  may  possess  is  mainly 
confined  to  the  geological  observations  they  record,  which  are  summarised 
in  a  special  paper  in  Cavendish's  handwriting.  The  manuscripts  were 
accordingly  submitted  to  Sir  Archibald  Geikie  who  was  so  good  as  to  look 
through  them  and  to  contribute  the  following  statement  of  his  impressions 
of  Cavendish's  merits  as  a  geologist. 
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\  NOTE  ON  CAVENDISH  AS  A  GEOLOGIST 

By  Sir  Ahchibald  Geikie,  O.M.,  K.C.B.,  F.R.S. 

Cavendish  e\'idciitly  had  a  keen  interest  in  tracing  out  the  distr 
of  some  of  the  more  conspicuous  geological  formations  across  cent: 
southern  England.  But  he  identified  them,  as  he  confessed,  only  b 
superficial  characters.  These  characters  however  are  often  deceptiv 
of  them  on  which  he  seems  to  have  laid  considerable  stress  wa 
colour.  \\Ticn  he  found  a  yellow  limestone  he  concluded  that  it  I 
mediately  below  the  Clay  [Gault]  which  underlies  the  Chalk, 
pointed  out  to  him  that  another  yellow  limestone,  below  the  "  Li-a 
extensively  developed  from  Leicestershire  to  Yorkshire  and  further 
Cavendish  accepted  this  statement,  calling  Michell's  formation  the  .■ 
Yellow  Limestone.  There  can  be  no  doubt  that  this  was  what  wt 
as  the  Magnesian  Limestone  which  overlies  the  Coal-measures,  as 
pointed  out. 

Cavendish  recognised  that  a  succession  of  formations  could  be 
from  the  Chalk  downwards  through  Clay  (Gault)  then  Sands  (Gree 
to  his  "yellow  Hmestone"  which  seems  to  have  been  any  portion 
calcareous  zones  in  the  Oolitic  series,  below  which  he  saw  that  the  " 
lies.  He  seems  to  have  formed  a  general  notion  of  the  distributi< 
trend  of  these  formations  in  the  wide  extent  of  country  which  I 
traversed.  He  perceived  that  they  are  less  inclined  to  the  horizoi 
the  older  rocks  which  lie  to  the  west  of  them,  and  he  correctly  ii 
that  "for  the  most  part  the  farther  we  go  to  the  W.  or  N.W.,  the 
the  strata  we  meet  with." 

He  gives  a  curious  proof  that,  as  he  confesses,  "a  very  im| 
knowledge  of  the  strata  is  to  be  acquired  by  merely  looking  at  the  st 
as  is  my  case."  He  took  the  clay  which  lies  below  the  gravels  of  L 
to  be  the  same  as  that  which  lies  below  the  Chalk,  and  he  supposei 
the  Chalk  has  been  entirely  washed  away  from  the  London  plain.  1 
not  know  that  this  thick  formation  lies  still  intact  below  the  London 
protected  from  denudation  by  the  mass  of  overlying  Tertiary  depos 

Cavendish  entirely  missed  the  meaning  of  the  Derbyshire  Toad; 
preferring  Michell's  idea  that  it  is  "clay  which  was  heated  in  its  p. 
instead  of  Whitehurst's,  who  recognised  the  volcanic  origin  of  the  i 

It  is  curious  to  reflect  that  while  Cavendish  was  perambulating  En 
in  geological  excursions.  William  Smith  was  busy  with  those  observe 
and  inferences  among  the  very  same  rocks  which  gave  him  the  tnii 
to  the  stratigraphical  succession,  and  laid  a  sound  foundation  for  S 
graphical  Geology. 

I  do  not  think  that  Cavendish's  paper  should  be  published.  It 
no  geological  importance,  and  it  would  add  absolutely  nothing  of 
consequence  to  his  scientific  renown. 
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pulse  with  its  large  end  BE  open  and  tum'd  towards  the  sound  as  soon  as 
le  pulse  is  intitely  within  the  vessel  or  which  is  the  same  thing  when  the 
idermost  part  of  the  pulse  is  within  the  hne  BE  compute  as  before  the  quantity 
lOf  momentum  of  the  air  within  the  vessel;  that  quantity  will  not  be  alterd  as 
;tiie  puJse  proceeds  on  towards  the  narrower  part  of  the  vessel  therefore  the 
velocity  of  the  vibrating  fluid  together  with  the  compression  and  rarefaction 
of  the  air  and  the  length  of  the  pulse  will  be  greater  in  the  narrow  part  of  the 
vessel  than  the  other.  This  is  the  reason  why  deaf  people  hear  better  by  applying 
those  kind  of  funnels  which  they  sometimes  make  use  of  to  their  ears. 

•[For  hke  manner  when  the  tide  runs  up  any  branch  arm  of  the  sea  which 
is  broader  and  deeper  at  the  mouth  than  further  in,  the  quantity  of  momentum 
of  the  water  within  the  arm  encreased  by  that  which  might  be  produced  by  all 
the  particles  of  water  which  are  raised  above  their  natural  level  falling  down 
to  their  level  will  remain  still  the  same  as  the  tide  proceeds  to  the  narrower  part 
of  the  arm,  and  consequently  the  height  to  which  the  tide  rises  together  with 
the  velocity  of  the  water  and  perhaps  length  of  the  tide  or  pulse  will  be  en- 
creased,  supposing  the  water  to  be  perfectly  fluid  or  to  yield  perfectly  easily 
to  any  motion  impressed  upon  it  and  to  be  intirely  void  of  cohesion  and  friction, 
for  in  that  case  as  no  force  could  be  lost  friction  or  the  impinging  of  one  body 
against  the  other  the  case  would  hold  equally  good  as  in  a  perfectly  elastick  fluid. 

N.B.  I  here  consider  the  motion  of  tides  as  exactly  analogous  to  the  pulses 
of  air  in  sound. 

Any  kind  of  waves  or  such  like  motions  either  in  air  or  water  would  upon 
the  same  supposing  the  fluid  as  before  to  be  void  of  friction  &'  would  continue 
their  motions  in  it  for  ever.] 

Cor.  5th,  fig.  1st.  Suppose  any  number  of  bodies  as  yl,  S,C,D  ft^coimected 
together  in  any  manner  by  perfectly  elastick  springs  and  suspended  from  one 
or  more  fixed  points  as  E,  f  &»  to  be  put  in  motion,  the  sum  of  their  me- 
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chanical  momenta  added  to  the  momenta  which  might  be  produced  by  the 
restoring  of  the  springs  to  any  given  degree  of  tension  and  the  falling  of  the 
bodies  to  their  proper  level  will  rcmitin  constantly  the  same. 

Fig.  2nd.  The  same  thing  will  hold  good  if  the  bodies  instead  of  being  connected 
'  [The  paragraphs  within  brackets  are  marked  to  be  deleted  in  the  manuscript.] 
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of  heat  without  receiving  it  from  or  communicating  it  to  other  bodies,  as  appears 
from  the  fermentations  and  dissolutions  of  various  substances  in  which  there  is 
sometimes  an  encrease  sometimes  a  loss  of  heat  as  well  as  from  the  burning  of 
bodies  in  which  there  is  a  vast  encrease  of  heat  above  what  can  reasoneably  be 
supposed  to  be  produced  by  the  action  of  emitting  light;  and  as  this  I  think 
cannot  with  the  least  probability  be  sup(X)sed  to  arise  from  the  attracting  or 
repelling  particles  approaching  nearer  or  receding  further  from  one  another,  by 
which  means  the  sum  of  those  above  men  tiond  additional  momenta  maybe  alterd, 
the  particles  must  either  not  attract  or  repel  equally  at  equal  distances  or  must 
act  stronger  when  placed  in  some  particular  situations  than  others  or  something 
else  of  that  nature^.  One  would  be  apt  at  first  to  explain  this  by  supposing  them 
to  attract  or  repel  some  kind  of  bodies  stronger  than  others;  but  then  it  should 
seem  as  if  there  should  always  ensue  an  encrease  heat  whenever  2  bodies  are 
mixed  which  mix  together  with  any  degree  of  force  whereas  there  is  often  pro- 
duced a  great  degree  of  cold  thereby  as  in  mixing  salt  and  water.  There  are  other 
reasons  too  which  seem  to  shew  that  this  way  of  explaining  it  is  insufficient. 

Cor  3rd.  When  any  niunber  of  ray^  of  light  strike  any  body  so  as  to  be 
reflected  backwards  and  forwards  within  it  without  ever  emerging  from  it  they 
will  commimicate  their  whole  momentiun  to  it,  but  when  they  are  reflected  from 
the  body  immediately  as  they  wiU  be  returned  with  nearly  the  same  swiftness 
with  which  they  struck  it  they  wiU  communicate  a  very  small  part  of  their 
momenta  to  it :  which  is  the  reason  why  black  bodies  heat  so  much  faster  in  the 
sun  than  white. 

Cor  4th.  When  a  vibrating  body  causes  any  pulse  or  sound  in  the  air  sup- 
posing it  to  be  a  perfectly  elastick  fluid,  as  soon  as  the  body  has  performed  a 
vibration  compute  the  quantity  of  mechanical  momentum  communicated  to 


•^"^C^« 


the  air  together  with  the  momentum  which  would  be  produced  by  the  com- 
pressed or  rarefyed  air  restoring  itself  to  its  natural  situation;  that  quantity 
will  be  neither  encreased  or  diminished  as  the  pulse  moves  forwards,  and  if 
there  is  any  hollow  vessel  BCDE  whose  length  BC  is  greater  than  the  length  of 

^  [Alternatively,  some  source  of  intrinsic  or  structural  potential  energy  (e.g.  of 
orbital  motions  in  an  electrical  molecule)  must  be  drawn  upon  when  chemical  changes 
occur.  This  well-founded  reservation  may  afford  the  reason  for  some  remarks  of 
Cavendish  in  other  connexions,  which  have  been  interpreted  as  leaning  towards 
the  caloric  theory.    See  also  footnote,  p.  408. 

It  is  noteworthy  that  a  very  significant  aphorism  of  Newton,  calor  est  agitaiio 
partium  quaquaversum,  heat  is  uncoordinated  internal  motion,  occurs  abruptly  in  a 
chemical  memorandum  in  Latin,  printed  in  Horsley's  Edition,  vol.  iv,  pp.  397-400.] 
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a  pulse  with  its  large  end  BE  open  and  tum'd  towards  the  sound  as  soon  as 
the  pulse  is  intitely  within  the  vessel  or  which  is  the  same  thing  when  the 
hindermost  part  of  the  pulse  is  within  the  hne  BE  compute  as  before  the  quantity 
of  momentum  of  the  air  within  the  vessel;  that  quantity  will  not  be  alterd  as 
the  pulse  proceeds  on  towards  the  narrower  part  of  the  vessel  therefore  the 
velocity  of  the  vibrating  fluid  together  with  the  compression  and  rarefaction 
of  the  air  and  the  length  of  the  pulse  will  be  greater  in  the  narrow  part  of  the 
vessel  than  the  other.  This  is  the  reason  why  deaf  people  hear  better  by  applying 
those  kind  of  funnels  which  they  sometimes  make  use  of  to  their  ears, 

'[For  like  manner  when  the  tide  runs  up  any  branch  arm  of  the  sea  which 
is  broader  and  deeper  at  the  mouth  than  further  in.  the  quantity  of  momentum 
of  the  water  within  the  arm  encreased  by  that  which  might  be  produced  by  all 
the  particles  of  water  which  are  raised  above  their  natural  level  falling  down 
to  their  level  will  remain  still  the  same  as  the  tide  proceeds  to  the  narrower  part 
of  the  arm,  and  consequently  the  height  to  which  the  tide  rises  together  with 
the  velocity  of  the  water  and  perhaps  length  of  the  tide  or  pulse  will  be  en- 
creased,  supposing  the  water  to  be  perfectly  fluid  or  to  yield  perfectly  easily 
to  any  motion  impressed  upon  it  and  to  be  intirely  void  of  cohesion  and  friction, 
for  in  that  case  as  no  force  could  be  lost  friction  or  the  impinging  of  one  body 
against  the  other  the  case  would  hold  equally  good  as  in  a  perfectly  elastick  fluid. 

N.B,  I  here  consider  the  motion  of  tides  as  exactly  analogous  to  the  pulses 
of  air  in  sound. 

Any  kind  of  waves  or  such  like  motions  either  in  air  or  water  would  upon 
the  same  supposing  the  fluid  as  before  to  be  void  of  friction  &■  would  continue 
their  motions  in  it  for  ever.] 

Cor.  5th,  fig.  ist.  Suppose  any  number  of  bodies  2&  A,  B,  C,  D  &'  connected 
together  in  any  manner  by  perfectly  elastick  springs  and  suspended  from  one 
or  more  fixed  points  as  E,  F  &'  to  he  put  in  motion,  the  sum  of  their  me- 
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chanicaJ  momenta  added  to  the  momenta  which  might  be  produced  by  the 
restoring  of  the  springs  to  any  given  degree  of  tension  and  the  falling  of  the 
bodies  to  their  proper  level  will  remain  constantly  the  same. 

Fig.  2nd.  The  same  thing  will  hold  good  if  the  bodies  instead  of  being  connected 
'  [The  paragraphs  within  brackets  are  marked  to  be  deleted  in  the  manuscript.] 
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by  springs  are  connected  by  solid  inflexible  rods  only  made  so  that  the  joints 
shall  be  intirely  void  of  friction  or  shaking  and  that  the  parts  of  the  engine  are 
so  constructed  that  they  cannot  impinge  against  one  another;  for  suppose  that 
the  rod  AB  instead  of  being  absolutely  inflexible  were  perfectly  elastick  but 
of  such  a  nature  that  it  would  require  an  infinite  force  to  compress  or  bend  it, 
in  that  case  it  would  certainly  hold  good,  but  as  long  as  this  rod  is  acted  upon 
by  only  finite  powers  it  is  of  no  signification  whether  it  is  inflexible  or  of  such 
an  elasticity  here  mention'd;  but  if  2  of  these  rods  were  to  strike  against  each 
other  in  which  case  the  force  will  be  infinite  then  there  will  be  a  total  diflerence 
between  the  2  cases  and  there  will  be  a  great  loss  of  force  if  the  rod  is  incom- 
pressible; and  it  is  plain  from  the  nature  of  the  lever  and  all  mechanical  powers 
and  from  what  was  said  concerning  bodies  striking  each  other  obhquely  that 
the  parts  of  the  rod  AB  not  being  acted  on  immediately  by  the  springs  but  by 
the  mediation  of  the  lever  AB  can  make  no  alteration. 

And  in  general  we  may  conclude  that  whenever  any  system  of  bodies  is  in 
motion  in  such  a  manner  that  there  can  be  no  force  lost  by  friction  imperfect 
elasticity  or  the  impinging  of  unelastick  bodies,  that  then  the  sum  of  the  me- 
chanical momenta  of  the  moving  bodies  added  to  the  siun  of  the  abovementioned 
additional  momenta  will  remain  constantly  the  same^. 


<3cl:  M  ,PA/^  .^t 
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*  [This  surely  is  the  earliest  precise  enunciation  of  the  principle  of  the  conser- 
vation of  energy,  kinetic  and  potential,  including  enumeration  of  the  causes  that  lead 
to  its  degradation,  which  on  the  principles  of  Cor.  2  would  be  into  heat  of  precisely 
equivalent  amount.] 


Mathematical  and  Dynamical 


429 


{jm.iy^ 


430 


Unpublished  Papers 


/Ji 


/         /  /        \ 


\ 


\ 


«^.<» 


♦(? 


H 


^^ 


^^ 


/ 


Geo/ogical 


CAVENDISH  AS  A  GEOLOGIST 

Vjavendish  throughout  the  course  of  his  long  life  rarely  left  London  or 
thought  to  give  himself  a  holiday.  His  habits  were  so  fixed  and  regular 
that  any  interruption  to  the  routine  of  his  daily  existence  was  irksome  to 
him  and  was  resented  with  an  almost  peevish  impatience.  Whatever  rest 
he  needed  he  seemed  to  find  in  change  of  occupation.  The  charms  of  the 
country  had  apparently  few  attractions  for  him.  But  at  one  period,  viz. 
from  1785  to  1793,  he  was  led  to  take  up  the  study  of  Geology,  then  in 
its  infancy  as  a  science,  possibly  through  the  influence  of  his  friend  the 
Rev.  John  Michel!,  who  occasionally  dined  with  him  at  the  Roj^  Society 
Club,  and  in  whose  conversation  and  correspondence  he  took  great  interest. 
In  the  summer  and  autumn  of  1785,  1786,  1787  and  1793  he  made  a  series 
of  driving  tours  through  portions  of  central  and  southern  England  and 
Wales  in  company  with  Sir  Charles  Blagden,  at  one  time  Secretary  of 
the  Royal  Society,  partly  with  a  view  of  observing  their  geological  and 
mineralogical  features,  and  partly  to  familiarise  himself  with  technical  and 
manufacturing  operations  depending  uf>on  the  applications  of  chemistry 
and  physics.  Accounts  of  these  journeys  are  to  be  found  among  the 
Chatsworth  Manuscripts.  They  are  written  in  part  by  Cavendish  himself, 
in  part,  apparently,  by  Blagden  or  by  an  amanuensis.  As  narratives  of 
travel  they  have  no  particular  value,  nor  do  they  afford  any  special 
information  concerning  such  manufacturing  processes  as  he  was  able  to 
witness,  as,  for  example,  dyeing  in  the  west  of  England,  iron  manufacture 
and  mechanical  engineering  at  Birmingham  and  its  vicinity  when  he  visited 
Watt,  alum  manufacture  at  Whitby,  etc.  He  nowhere  expressed  any  feehng 
for  natural  scenery  and  he  seemed  wholly  unaffected  by  it.  But,  as  may 
be  surmised,  whatever  could  be  quantitatively  ascertained  was  religiously 
noted.  Thus  he  regularly  observed  by  means  of  a  way-wiser  the  distance 
travelled  each  day.  He  constantly  read  the  height  of  the  barometer  as 
indicating  the  rise  and  fall  of  the  roads  he  traversed.  He  observed  the 
angles  which  distant  hills  and  ridges  subtended  and  noted  the  tempera- 
tures of  the  deep  wells  he  came  across. 

Such  scientific  interest  as  these  itineraries  may  possess  is  mainly 
confined  to  the  geological  observations  they  record,  which  are  summarised 
in  a  special  paper  in  Cavendish's  handwriting.  The  manuscripts  were 
accordingly  submitted  to  Sir  Archibald  Oeikie  who  was  so  good  as  to  look 
through  them  and  to  contribute  the  following  statement  of  his  impressions 
of  Cavendish's  merits  as  a  geologist. 
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NOTE  ON  CAVENDISH  AS  A  GEOLOGIST 

By  Sir  Archibald  Geikie,  O.M.,  K.C.B.,  F.R.S. 

Cavendish  e\ddently  had  a  keen  interest  in  tracing  out  the  distribution 
of  some  of  the  more  conspicuous  geological  formations  across  central  and 
southern  England.  But  he  identified  them,  as  he  confessed,  only  by  their 
superficial  characters.  These  characters  however  are  often  deceptive.  One 
of  them  on  which  he  seems  to  have  laid  considerable  stress  was  their 
colour.  When  he  found  a  yellow  limestone  he  concluded  that  it  lay  im- 
mediately below  the  Clay  [Gault]  which  underlies  the  Chalk.  Michell 
pointed  out  to  him  that  another  yellow  limestone,  below  the  "  Lyas,"  was 
extensively  developed  from  Leicestershire  to  Yorkshire  and  further  north. 
Cavendish  accepted  this  statement,  calling  Michell's  formation  the  Ancient 
Yellow  Limestone.  There  can  be  no  doubt  that  this  was  what  we  know 
as  the  Magnesian  Limestone  which  overlies  the  Coal-measures,  as  Michell 
pointed  out. 

Cavendish  recognised  that  a  succession  of  formations  could  be  traced 
from  the  Chalk  downwards  through  Clay  (Gault)  then  Sands  (Greensand) 
to  his  "yellow  limestone"  which  seems  to  have  been  any  portion  of  the 
calcareous  zones  in  the  Oolitic  series,  below  which  he  saw  that  the  "Lyas" 
lies.  He  seems  to  have  formed  a  general  notion  of  the  distribution  and 
trend  of  these  formations  in  the  wide  extent  of  country  which  he  had 
traversed.  He  perceived  that  they  are  less  inclined  to  the  horizon  than 
the  older  rocks  which  lie  to  the  west  of  them,  and  he  correctly  inferred 
that  "for  the  most  part  the  farther  we  go  to  the  W.  or  N.W.,  the  lower 
the  strata  we  meet  with." 

He  gives  a  curious  proof  that,  as  he  confesses,  "a  very  imperfect 
knowledge  of  the  strata  is  to  be  acquired  by  merely  looking  at  the  surface, 
as  is  my  case."  He  took  the  clay  which  lies  below  the  gravels  of  London 
to  be  the  same  as  that  which  lies  below  the  Chalk,  and  he  supposed  that 
the  Chalk  has  been  entirely  washed  away  from  the  London  plain.  He  did 
not  know  that  this  thick  formation  lies  still  intact  below  the  London  Clay, 
protected  from  denudation  by  the  mass  of  overlying  Tertiary  deposits. 

Cavendish  entirely  missed  the  meaning  of  the  Derb5rshire  Toadstone, 
preferring  Michell's  idea  that  it  is  **clay  which  was  heated  in  its  place," 
instead  of  Whitehurst's,  who  recognised  the  volcanic  origin  of  the  rock. 

It  is  curious  to  reflect  that  while  Cavendish  was  perambulating  England 
in  geological  excursions,  William  Smith  was  busy  with  those  observations 
and  inferences  among  the  very  same  rocks  which  gave  him  the  true  key 
to  the  stratigraphical  succession,  and  laid  a  sound  foundation  for  Strati- 
graphical  Geology. 

I  do  not  think  that  Cavendish's  paper  should  be  published.  It  is  of 
no  geological  importance,  and  it  would  add  absolutely  nothing  of  any 
consequence  to  his  scientific  renown. 
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CAVENDISH'S  ASTRONOMICAL  MANUSCRIPTS 

/iMONG  the  Cavendish  Manuscripts  preserved  at  Chatsworth  are  a  number 
of  disconnected  papers  relating  to  Astronomical  Subjects.  Many  of  them 
are  simply  notes  or  memoranda  on  matters  of  passing  interest,  or  con- 
nected with  the  work  of  Committees  of  the  Royal  Society.  Others  are 
concerned  with  the  mathematical  treatment  of  observations.  A  few  have 
been  written  out  in  detail  as  if  for  preservation  or  future  reference.  The 
great  majority  are  without  titles,  and  in  many  cases  it  is  very  difficult, 
if  not  impossible,  to  discover  their  meaning.  Sir  Frank  Dyson  was  so  good 
as  to  undertake  to  examine  them.  He  writes  as  follows:  "I  have  been 
through  the  Cavendish  papers. . .  .They  were  extremely  interesting,  and 

one  cannot  help  regretting  that  he  did  not  publish  more I  have 

indicated  what  they  are  about  and  made  a  few  extracts." 
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ON  CAVENDISH  S  ASTRONOMICAL  PAPERS 

By  Sir  Frank  Watson  Dyson,  LL.D.,  F,R.S., 

Astronomer  Royal. 

These  papers,  many  of  them  very  scrappy  and  not  intended  for 
publication,  show  the  wide  range  of  Cavendish's  interests  in  all  subjects 
connected  with  Astronomy.  This  is  indicated  by  the  titles: 

The  Moon's  Atmosphere. 

Table  of  Tides  at  various  places. 

On  the  Moon's  parallax. 

The  Attraction  of  an  EIHpfic  Wedge. 

On  the  light  of  the  full  moon. 

Alteration  of  shape  in  planets'  orbits  due  to  resisting  Medium. 

Method  of  adjusting  the  equatorial  sector. 

Herschei's  planet, 

In  the  last  paper  he  concludes  "On  the  supposition  of  a  ]".      .        I  orbit 

its  distance  from  the  sun  during  the  time  of  its  hax'ing  been  seen  i 

times  the  distance  of  the  Sun." 

In  another  paper  he  deals  with  the  difficulty  caused  by  the  custom  of 
using  the  true  equinox,  and  recommends  the  use  of  the  Mean  Equinox 
(i.e.  corrected  for  nutation).  The  complete  change  of  astronomical  practice 
in  this  matter  was  made  later  by  Bessel  and  Airy. 

Evidently  Cavendish  was  in  close  touch  with  Maskelyne,  and  two  of 
Maskelyne's  letters  are  found  in  this  packet  of  papers. 
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Among  a  number  of  observations  at  different  places  to  determine  the 
height  of  Blanchard's  balloon  are  a  series  made  by  Cavendish  at  Greenwich 
under  the  heading  "Observations  of  the  Altitude  of  Blanchard's  balloon 
i6  Oct.,  1784  with  Bird's  Astronomical  Quadr.  at  the  Royal  Observatory. 
4  ft.  radius." 

He  was  very  much  interested  in  the  transit  of  Venus,  and  there  are 
computations  and  correspondence  as  to  the  best  places  for  its  observation. 
Among  the  places  mentioned  in  the  letter  to  Dr  Morton,  Wardhus  was 
occupied  by  Father  Hell,  and  Tahiti  by  Captain  Cook.  In  connection 
with  the  transit  he  considered  the  efifect  which  would  be  produced  by  an 
atmosphere  on  Venus,  and  foresaw  to  some  extent  the  difficulties  which 
might  arise  in  the  observations.  Incidentally  he  made  some  experiments 
on  the  Minimum  visible  vmder  different  conditions.  He  found  45"  for  a 
small  notch  and  3"  for  the  diameter  of  a  wire  seen  against  skylight. 

Cavendish  maintained  for  a  considerable  time  an  interest  in  the 
difficult  problem  of  the  determination  of  the  orbit  of  a  comet  from  three 
observations.  Among  the  papers  there  is  a  list  of  all  the  Comets  whose 
orbits  had  been  computed,  and  there  are  a  number  of  scrappy  papers  of 
computation.  These  are  vmdated.  A  more  finished  essay,  apparently 
intended  for  publication,  was  sent  to  Maskelyne,  who,  in  his  reply  dated 
April  16,  1788,  suggests  that  Cavendish  should  compute  the  orbit  of  the 
Comet  discovered  in  that  year  by  Miss  Herschel,  and  supplies  obser\'ations. 
There  is  another  letter  of  Maskelyne's  to  Cavendish  dated  Oct.  9,  1799, 
in  which  he  says  that  Sir  Henry  Englefield  to  whom  he  had  communicated 
observations  of  the  Comet  of  1799  at  the  same  time  as  to  Cavendish,  had 
forwarded  him  a  preliminary  orbit.  "  I  send  these  to  save  you  unnecessary 
trouble  or  that  you  may  direct  it  with  more  advantage  by  commencing 
with  the  rough  elements  here  given." 

The  orbit  of  the  Comet  of  1799  is  "computed  by  the  table  of  Bosco- 
vich's  sagitta."  Besides  using  this  Newtonian  method  he  also  made  the 
computation  by  "a  fluxional  process."  There  are  a  few  short  notes  on 
Laplace's  method.    At  the  conclusion  of  one  of  these  notes  he  remarks 

For  La  Place's  method  we  only  find  whether  the  supposition  agrees  with 
observation  in  one  respect,  but  the  greatest  fault  is  that  if  the  angle  subtended 
by  the  Earth  and  Sun  at  the  Comet  at  either  observation  is  nearly  right,  a 
small  alteration  in  the  radius  vector  makes  a  great  error  in  the  heliocentric 
place  and  therefore  a  small  error  in  that  observation  will  make  a  great  alteration 
in  the  parabola. 

None  of  this  work  appears  to  have  been  published,  and  no  reference  is 
made  to  Cavendish  in  Sir  Henry  Englefield's  book  (1793)  which  gives  an 
account  of  Boscovich's  and  Laplace's  methods,  or  in  Ivory's  paper  in  the 
Phil.  Trans.  1814. 

There  are  short  notes  on  planetary  perturbations  of  Comets,  which 
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probably  had  their  origin  in  discussions  about  the  near  approach  of 
Lexell's  Comet  to  Jupiter  in  1779.  One  of  these  is  drawn  up  in  the  form 
of  precepts  for  a  computer  and  is  entitled  "Written  for  person  thought 
of  for  calculating  perturbations  of  expected  Comet." 
I  have  made  four  short  extracts  from  the  papers: 

(1)  Letter  to  Dr  Morton. 

(2)  The  last  page  of  a  paper  on  the  Precession  of  the  Equinoxes. 

(3)  A  part  of  a  very  short  note  on  the  influence  of  the  tides  on  the 
earth's  rotation. 

(4)  An  isolated  scrap  on  the  bending  of  a  ray  of  light  by  gravitation, 
which  is  of  interest,  as  the  possibility  of  the  bending  of  a  ray  of  light  by 
a  gravitational  field  is  at  present  engaging  attention,  though  Cavendish 
was  working  on  a  corpuscular  theory.  This  may  have  been  suggested  by 
Query  i  of  Newton's  Opticks  "Do  not  Bodies  act  upon  Light  at  a  distance, 
and  by  their  action  bend  its  Rays,  and  is  not  this  action  {cocleris  paribus) 
strongest  at  the  luast  distance?" 

(i)   Letter  to  Dr  Morton. 

The  best  way  of  finding  the  parallax  of  the  sun  from  the  transit  of  Venus 
in  1769  is  by  a  comparison  of  the  duration  of  the  transit  in  diflerent  places  for 
which  purpose  it  should  be  observed  in  such  places  where  the  difference  of 
duration  is  the  greatest.  The  duration  is  greatest  about  Tomea  and  Wardhus 
in  Lapland.  It  is  to  be  hoped  that  Swedes  and  Danes  will  send  observers  to 
these  places.  The  place  where  the  duration  is  least  is  in  some  of  the  islands 
supposed  to  be  in  tlie  South  Sea  to  the  South  of  the  Equator,  and  which  would 
consequently  be  the  best  place  to  compare  with  Tomea  and  Wardhus.  If 
observers  could  be  sent  there,  which  I  imagine  there  is  no  probability  of,  the 
next  best  places  are  Cape  Corrientes  in  Mexico,  where  the  duration  is  above 
16  minutes  less  than  at  Tomea,  and  California,  where  the  duration  is  from 
16  to  15  minutes  less  than  at  Tomea.  The  Royal  Society  proposes  to  send 
observers  to  Califomia  which  is  a  better  place  than  Cape  Corrientes,  as  at  this 
latter  place  the  transit  will  end  so  little  before  sun  set  that  there  is  great  danger 
of  the  sun  being  hid  in  clouds. 

It  is  very  desirable  that  the  transit  should  be  observed  also  in  some  place 
where  the  duration  is  of  an  intermediate  length  between  that  at  Califomia  and 
the  North  as  it  would  serve  as  a  check  in  case  of  error  in  either  of  other  observa- 
tions and  besides  that  would  be  particularly  useful  in  ca.se  the  observation 
should  fail  at  either  of  the  other  places.  I  know  of  no  place  so  proper  for  this 
purpose  as  Kamptschatka.  In  the  southern  part  of  the  peninsula  of  Kampt- 
schatka  the  duration  is  near  8  minutes  less  than  at  Tomea  and  rather  more 
than  8  minutes  greater  than  at  the  south  point  at  Califomia,  so  that  the  difference 
is  sufficient  to  deduce  the  parallax  very  well  by  comparing  the  duration  at 
Kamptschatka  witl»  that  at  either  of  the  foregoing  places,  supposing  the  obser- 
vation to  fail  at  one  of  them;  I  know  of  no  other  place  proper  for  this  purpose 
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ZTiTity  to  te  x^,  wiico:*  tbic  irSertrjie  :i  tbe  axts  scocjf  rctze  ret 
*XiiKt^x^,  as  tii«t  'iStrtEre  of  ax«  2S  coserr-d  by  tbe  A-aVr-y  car.  z>:^  i 
piace  wttbrjat  acSssnEine  aocat  v»tv  znzirocabic:  bvpi:cbi»sB  of  tbe  OK^stv  c^ 
eanii,  or  fav  dccviiuf  tikt  taecnr  wtskh  =*k2s  t»  w*£ii  foriryvc  to  be  ^ 
bv  tfafir  aiad  as  tiM;  dx5erexit  zksasares  of  4fgrecs  azree  so  !ittk  wit^  cot  azi:< 
as  veil  as  bKaisae  tl^  irr»a^  Jartty  of  tbit  scrtice  of  the  eardi  rairt^nja: 
the  faieb  mocntacs  of  Pern  tsav  canse  an  alteradcn  in  the  dzrectk?ci  of  ^ravrrr. 
and  by  that  izKaiis  disturb  th^  accuracy  'A  the  expeximexit,  I  rhirc  ve  cay 
faixiy  reject  this  sKcssraxaoo  ar>i  assooe  that  dxCcreso^  of  axes  vhic 
with  the  differecice  o€  ^ra^ity  or  -rfs :  this,  if  yoc  sropase  the  ann^ial  prea 
cart-ed  by  the  son  to  be  i5"-4.  acswers  ver\-  wdL  bet  M  yoa  scppoee  it  to  be 
12"  c*'  ^"-7  it  may  be  recocciied  with  expennieiit  by  sapposK  that  the  deg^^ce 
of  eihfxidty  of  the  spheroidical  strata  ftimini^s  as  they  approach  Dearer  to  the 
center.  Thus,  if  yo«  sripjw&e  the  earth  to  cocast  of  a  spherical  madeos  of  an 
tmifonn  dexxsity  ccrvered  with  a  spheroidical  shell  of  less  decsity.  aDd  if  yoa 
^app^jse  the  diameter  of  the  ntKleris  to  be  14  of  the  diameter  of  the  earth  and 
its  density  to  that  of  the  c^ter  shell  as  13  :  9,  the  difierexKe  of  axes  of  the  ear^ 
and  difEerence  of  (parity  ooeht  to  be  the  same  as  I  have  here  sn^^nscd  and  the 
precesskm  caused  by  the  stm  woold  be  iz"  or  the  mean  quantity,  hot  I  know 
DO  way  of  ^ccaontinf^  for  a  precesaon  S"'j  nnkss  yoa  suppose  the  density  of 
the  earth  at  first  to  increase  and  then  diminish  again  as  yoa  approach  towards 
the  center;  if  you  will  grant  this,  you  may  account  both  for  the  difierence  of 
axes  and  precession  by  supposing  the  earth  to  consist  of  an  hc^low  sphere  whose 
outer  diameter  is  ^  and  inner  diameter  -^  of  that  of  the  earth  and  filled  with 
a  matter  of  less  density  and  covered  with  a  spheroidical  shell  and  that  the 
density  of  the  outer  shell  hollow  sphere  and  inclosed  matter  are  to  eadi  odier 
in  the  proportion  of  i,  6  and  ^. 
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(3)    On  the  diminution  of  the  diurnal  motion  of  the  earth 

in  consequence  of  the  tides. 

If  there  was  no  loss  of  force  by  friction  the  sum  of  the  vis  viva  of  the  }) 
in  its  orbit  round  0,  the  rotatory  vis-viva  of  0  considered  as  one  Mass  (or  the 
visible)  and  the  vis  viva  of  the  Water  in  respect  of  0  (or  the  invisible  vis  viva) 
should  remain  imaltered  except  by  the  attracting  parts  approaching  nearer. 
But  if  the  invisible  vis  viva  is  diminished  by  friction,  and  the  loss  is  continually 
supphed  by  the  attract.  ])  then  the  sum  of  the  vis  viva  of  ])  and  of  the  visible 
vis  viva  of  0  must  be  as  much  diminished  as  to  compensate  that.  But  the  only 
way  by  which  the  loss  of  invisible  vis  viva  can  be  compensated  is  by  the  water 
being  at  a  medium  raised  higher  on  that  side  of  0  which  has  left  ])  than  on  the 
other,  and  this  will  diminish  the  visible  vis  viva  of  ©  and  increase  that  of  ]), 
and  the  increase  of  vis  viva  of  })  is  to  the  diminution  of  visible  vis  viva  of  0 
directly  as  their  angular  velocities,  or  as  i  :  13,  and  conseq.  the  diminution  of 
visible  vis  viva  of  0  is  to  the  diminution  of  the  invisible  vis  viva  by  friction 
as  13  to  12,  and  therefore  may  be  considered  as  equal.  It  must  be  observed, 
however,  that  this  increase  of  vis  viva  of  ])  will  increase  its  distance  from  0, 
and  therefore  will  actually  diminish  its  vis  viva,  but  this  does  not  affect  the 
justness  of  the  foregoing  conclusion. 

(4)    To  find  the  bending  of  a  ray  of  light  which  passes  near  the 
surface  of  any  body  by  the  attraction  of  that  body. 

Let  s  be  the  centre  of  body  and  a  a  point  of  surface.  Let  the  velocity  of 
body  revolving  in  a  circle  at  a  distance  as  from  the  body  be  to  the  velocity 

of  hght  as  I  :  u,  then  will  the  sine  of  half  bending  of  the  ray  be  equal  to  ^  • 

[This  deflection  is  half  the  amoimt  given  by  Einstein's  law  of  gravitation.] 
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NOTE  ON  CAVENDISH  AS  A  GEOLOGIST 

By  Sir  Archibald  Geikie,  O.M.,  K.C.B.,  F.R.S. 

Ca\'endish  evidently  li;id  a  keen  interest  in  tracing  out  the  disti 
of  some  of  the  more  conspicuous  geological  formations  across  cent 
southern  England.  But  he  identified  them,  as  he  confessed,  only  I 
superficial  characters.  These  characters  however  are  often  deceptix 
of  them  on  which  he  seems  to  have  laid  considerable  stress  w: 
colour.  When  he  found  a  yellow  limestone  he  concluded  that  it 
mediately  below  the  Clay  [Gault]  which  underlies  the  ChaJk. 
pointed  out  to  him  that  another  yellow  limestone,  below  the  "  L\'a 
extensively  developed  from  Leicestershire  to  Yorkshire  and  furthei 
Cavendish  accepted  this  statement,  calling  Michell's  formation  the  . 
Yellow  Limestone.  There  can  be  no  doubt  that  this  was  w^hat  w 
as  the  Magnesian  Limestone  which  overlies  the  Coal-measures,  as 
pointed  out. 

Ca%'endish  recognised  that  a  succession  of  formations  could  be 
from  the  Chalk  downwards  through  Clay  (Gaiilt)  then  Sands  (Gre< 
to  his  "yellow  limestone"  which  seems  to  have  been  any  portion 
calcareous  zones  in  the  Oolitic  series,  below  which  he  saw  that  the  ' 
lies.  He  seems  to  have  formed  a  general  notion  of  the  distributi 
trend  of  these  formations  in  the  wide  extent  of  country  which  1 
traversed.  He  perceived  that  they  are  less  inclined  to  the  horizo 
the  older  rocks  which  lie  to  the  west  of  them,  and  he  correctly  ii 
that  "for  the  most  part  the  farther  we  go  to  the  W.  or  N.W,,  th< 
the  strata  we  meet  with." 

He  gives  a  curious  proof  that,  as  he  confesses,  "a  very  im] 
knowledge  of  the  strata  is  to  be  acquired  by  merely  looking  at  the  si 
as  is  my  case."  He  took  the  clay  which  lies  below  the  gravels  of  L 
to  be  the  same  as  that  which  lies  below  the  Chalk,  and  he  suppose' 
the  Chalk  has  been  entirely  washed  away  from  the  London  plain.  \ 
not  know  that  this  thick  formation  lies  still  intact  below  the  Londoi: 
protected  from  denudation  by  the  mass  of  overlying  Tertiary  depoi 

Cavendish  entirely  missed  the  meaning  of  the  Derbyshire  Toad 
preferring  Michell's  idea  that  it  is  "clay  which  was  heated  in  its  p 
instead  of  Whitehurst's,  who  recognised  the  volcanic  origin  of  the  ] 

It  is  curious  to  reflect  that  while  Cavendish  was  perambulating  En 
in  geological  excursions,  William  Smith  was  busy  with  those  observ; 
and  inferences  among  the  very  same  rocks  which  gave  him  the  tru 
to  the  stratigraphical  succession,  and  laid  a  sound  foundation  for  S 
graphical  Geology. 

I  do  not  think  that  Cavendish's  paper  should  be  published.  It 
no  geological  importance,  and  it  would  add  absolutely  nothing  o] 
consequence  to  bis  scientific  renown. 
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are  for  each  year  the  calculations  from  which  the  several  mean  declinations 
were  derived. 

Six  pages  (unnumbered)  of  the  same  size  as  above,  and  two  slips 
summarise  the  mean  declinations  from  1782  to  1803.  The  pages  and  slips 
to  a  considerable  extent  are  duplicates  of  one  another. 

The  above  form  the  basis  of  the  tables  giving  declinations,  mean  values, 
ranges,  etc.  at  Hampstead  and  Clapham. 

A  separate  group  of  pages  of  similar  size  numbered  i  to  23,  having 
subject  "Effect  of  heat  on  magnets"  indicated  on  one  page.  The  results 
have  been  summarized. 

(2)  A  bundle  of  small  octavo  pages  about  6i"  x  4"  marked  "Hori- 
zontal needle"  on  outside  page.  These  are  variously  paged  and  include 
dip  as  well  as  declination  observations.  The  first  part,  numbered  pp.  I  to6l, 
deals  with  declination  and  dip  observations  made  in  1773,  1774  and  1775. 
A  good  many  of  the  observations  are  experimental.  Others  compare 
different  magnets  or  aim  at  determining  errors  due  to  peculiarities  of 
instruments,  presence  of  magnetic  matter,  etc.  A  good  many  refer  to 
observations  made  at  the  Royal  Society  House,  or  with  the  Royal  Society 
needles.  The  observational  data  referring  to  the  Royal  Society  House 
have  been  set  out  subsequently. 

(3)  There  follow  pages  numbered  i  to  6,  the  first  headed  "Trial  of 
dipping  needles  for  R.S.,"  and  five  unnumbered  leaves  with  a  scrap  of  paper 
relating  apparently  to  needles  by  Ramsden  and  Naime. 

Then  pages  numbered  i  to  4,  the  first  headed  "Sissons  dipping  needle." 

Then  four  leaves  describing  some  dipping  needle. 

Then  four  leaves  unnumbered  headed  "springing  of  needles"  giving 
some  values  of  Young's  modulus.  These  have  been  made  use  of  in  what 
follows. 

Then  four  leaves,  two  blank,  headed  "Trial  of  long  bars  by  compass." 

Then  eleven  leaves,  some  blank,  numbered  i  to  15,  describing  results 
of  experiments  on  strength  of  variously  shaped  needles  which  are  subse- 
quently dealt  with. 

Then  a  series  of  pages  numbered  i  to  58  deaHng  with  dip  observations. 
Some  of  the  observations  seem  experimental.  There  is  a  synopsis  of  the 
experiments  recorded  on  pp.  Ii — 16,  but  their  object  is  not  explained. 
On  pp.  17.  18,  IQ,  25,  26,  27.  28,  33,  36.  37.  38.  39.  40.  41.  42.  43  there 
are  results  of  dip  observations  taken  several  times  a  day  throughout  a 
number  of  months,  presumably  during  several  years  of  which  1775  was 
certainly  one  (cf.  p.  39).  [There  seems  no  attempt  to  deduce  from  them 
the  nature  of  the  diurnal  variation,  but  it  is  difficult  to  imagine  what  other 
purpose  Cavendish  can  have  had  in  view.  Presumably  when  he  started 
observing  the  probable  extent  of  the  diurnal  range  was  unknown  to  him 
V.  infra.]  Pp.  45 — ^54  deal  with  dip  observations  made  in  August  1778  in 
London  and  various  places  in  England,  the  results  of  which  have  been 


432  Unpublished  Papers 

NOTE  ON  CAVENDISH  AS  A  GEOLOGIST 

By  Sir  Archibald  Geikie,  O.M.,  K.C.B.,  F.R.S. 

Cavendish  evidently  had  a  keen  interest  in  tracing  out  the  distribution 
of  some  of  the  more  conspicuous  geological  formations  across  central  and 
southern  England.  But  he  identified  them,  as  he  confessed,  only  by  their 
superficial  characters.  These  characters  however  are  often  deceptive.  One 
of  them  on  which  he  seems  to  have  laid  considerable  stress  was  their 
colour.  When  he  found  a  yellow  limestone  he  concluded  that  it  lay  im- 
mediately below  the  Clay  [Gault]  which  underlies  the  Chalk.  Michell 
pointed  out  to  him  that  another  yellow  limestone,  below  the  "  Lyas,"  was 
extensively  developed  from  Leicestershire  to  Yorkshire  and  further  north. 
Cavendish  accepted  this  statement,  calling  Michell's  formation  the  Ancient 
Yellow  Limestone,  There  can  be  no  doubt  that  this  was  what  we  know 
as  the  Magnesian  Limestone  which  overlies  the  Coal-measures,  as  Michell 
pointed  out. 

Cavendish  recognised  that  a  succession  of  formations  could  be  traced 
from  the  Chalk  downwards  through  Clay  (Gault)  then  Sands  (Greensand) 
to  his  "yellow  limestone"  which  seems  to  have  been  any  portion  of  the 
calcareous  zones  in  the  Oolitic  series,  below  which  he  saw  that  the  *'  Lyas  " 
lies.  He  seems  to  have  formed  a  general  notion  of  the  distribution  and 
trend  of  these  formations  in  the  wide  extent  of  country  which  he  had 
traversed.  He  perceived  that  they  are  less  inclined  to  the  horizon  than 
the  older  rocks  which  lie  to  the  west  of  them,  and  he  correctly  inferred 
that  ''for  the  most  part  the  farther  we  go  to  the  W.  or  N.W.,  the  lower 
the  strata  we  meet  with." 

He  gives  a  curious  proof  that,  as  he  confesses,  "a  very  imperfect 
knowledge  of  the  strata  is  to  be  acquired  by  merely  looking  at  the  surface, 
as  is  my  case."  He  took  the  clay  which  lies  below  the  gravels  of  London 
to  be  the  same  as  that  which  lies  below  the  Chalk,  and  he  supposed  that 
the  Chalk  has  been  entirely  washed  away  from  the  London  plain.  He  did 
not  know  that  this  thick  formation  lies  still  intact  helow  the  London  Clay, 
protected  from  denudation  by  the  mass  of  overlying  Tertiary  deposits. 

Cavendish  entirely  missed  the  meaning  of  the  Derb5rshire  Toadstone, 
preferring  Michell's  idea  that  it  is  "clay  which  was  heated  in  its  place," 
instead  of  Whitehurst's,  who  recognised  the  volcanic  origin  of  the  rock. 

It  is  curious  to  reflect  that  while  Cavendish  was  perambulating  England 
in  geological  excursions,  William  Smith  was  busy  with  those  observations 
and  inferences  among  the  very  same  rocks  which  gave  him  the  true  key 
to  the  stratigraphical  succession,  and  laid  a  sound  foundation  for  Strati- 
graphical  Geology. 

I  do  not  think  that  Cavendish's  paper  should  be  published.  It  is  of 
no  geological  importance,  and  it  would  add  absolutely  nothing  of  any 
consequence  to  his  scientific  renown. 
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CAVENDISH'S  ASTRONOMICAL  MANUSCRIPTS 

Among  the  Cavendish  Manuscripts  preserved  at  Chatsworth  are  a  number 
of  disconnected  papers  relating  to  Astronomical  Subjects.  Many  of  them 
are  simply  notes  or  memoranda  on  matters  of  passing  interest,  or  con- 
nected with  the  work  of  Committees  of  the  Royal  Society.  Others  are 
concerned  with  the  mathematical  treatment  of  observations.  A  few  have 
been  written  out  in  detail  as  if  for  preservation  or  future  reference.  The 
great  majority  arc  without  titles,  and  in  many  cases  it  is  very  difficult, 
if  not  impos-sible,  to  discover  their  meaning.  Sir  Frank  Dyson  was  so  good 
as  to  undertake  to  examine  them.    He  writes  as  follows:  "I  have  been 

through  the  Cavendish  papers They  were  extremely  interesting,  and 

one  cannot  help  regretting  that  he  did  not  publish  more.... I  have 
indicated  what  they  are  about  and  made  a  few  extracts." 


ON  CAVENDISH  S  ASTRONOMICAL  PAPERS 

By  Sir  Frank  Watson  Dyson,  LL.D.,  F.R.S., 
Astronomer  Royal. 

These  papers,  many  of  them  very  scrappy  and  not  intended  for 
publication,  show  the  wide  range  of  Cavendish's  interests  in  all  subjects 
connected  with  Astronomy.  This  is  indicated  by  the  titles; 

The  Moon's  Atmosphere. 

Table  of  Tides  at  various  places. 

On  the  Moon's  parallax. 

The  Attraction  of  an  Elliptic  Wedge. 

On  the  light  of  the  full  moon. 

Alteration  of  shape  in  planets'  orbits  due  to  resisting  Medium. 

Method  of  adjusting  the  equatorial  sector. 

Herschel's  planet. 

In  the  last  paper  he  concludes  "On  the  supposition  of  a  ]".       .        >  orbit 

its  distance  from  the  sun  during  the  time  of  its  ha\*ing  been  seen  is  ■ 

times  the  distance  of  the  Sun." 

In  another  paper  he  deals  with  the  difficulty  caused  by  the  custom  of 
using  the  true  equinox,  and  recommends  the  use  of  the  Mean  Equinox 
(i.e.  corrected  for  nutation}.  The  complete  change  of  astronomical  practice 
in  this  matter  was  made  later  by  Bessel  and  Airy, 

E\'idcntly  Cavendish  was  in  close  touch  with  Maskelyne,  and  two  of 
Maskelyne's  letters  are  found  in  this  packet  of  papers. 

c.  p.  28 
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probably  had  their  origin  in  discussions  about  the  near  approach  of 
Lexell's  Comet  to  Jupiter  in  1779.  One  of  these  is  drawn  up  in  the  form 
of  precepts  for  a  computer  and  is  entitled  "Written  for  person  thought 
of  for  calculating  perturbations  of  expected  Comet." 

I  have  made  four  short  extracts  from  the  papers : 

(i)    Letter  to  Dr  Morton. 

(2)  The  last  page  of  a  paper  on  the  Precession  of  the  Equinoxes. 

(3)  A  part  of  a  very  short  note  on  the  influence  of  the  tides  on  the 
earth's  rotation. 

(4)  An  isolated  scrap  on  the  bending  of  a  ray  of  light  by  gravitation, 
which  is  of  interest,  as  the  possibility  of  the  bending  of  a  ray  of  light  by 
a  gravitational  field  is  at  present  engaging  attention,  though  Cavendish 
was  working  on  a  corpuscular  theory.  This  may  have  been  suggested  by 
Query  i  of  Newton's  Oplicks  "Do  not  Bodies  act  upon  Light  at  a  distance, 
and  by  their  action  bend  its  Rays,  and  is  not  this  action  (coeleris  paribus) 
strongest  at  the  least  distance?  " 

(i)  Letter  to  Dr  Morton. 

The  best  way  of  finding  the  parallax  of  the  sun  from  the  transit  of  Venus 
in  1769  is  by  a  comparison  of  the  duration  of  the  transit  in  different  places  for 
which  purpose  it  should  be  observed  in  such  places  where  the  difference  of 
duration  is  the  greatest.  The  duration  is  greatest  about  Tomea  and  Wardhus 
in  Lapland.  It  is  to  be  hoped  that  Swedes  and  Danes  will  send  observers  to 
these  places.  The  place  where  the  duration  is  least  is  in  some  of  the  islands 
supposed  to  be  in  the  South  Sea  to  the  South  of  the  Equator,  and  which  would 
consequently  be  the  best  place  to  compare  with  Tomea  and  Wardhus.  If 
observera  could  be  sent  there,  which  I  imagine  there  is  no  probabihty  of,  the 
next  best  places  are  Cape  Conientes  tn  Mexico,  where  the  duration  is  above 
16  minutes  less  than  at  Tomea,  and  California,  where  the  duration  is  from 
16  to  15  minutes  less  than  at  Tornea.  The  Royal  Society  proposes  to  send 
observers  to  California  which  is  a  better  place  than  Cape  Corrientes,  as  at  this 
latter  place  the  transit  will  end  so  little  before  sun  set  that  there  is  great  danger 
of  the  sun  being  hid  in  clouds. 

It  is  very  desirable  that  the  transit  should  be  observed  also  in  some  place 
where  the  duration  is  of  an  intermediate  length  between  that  at  California  and 
the  North  as  it  would  serve  as  a  check  in  case  of  error  in  either  of  other  observa- 
tions and  besides  that  would  be  particularly  useful  in  case  the  observation 
should  fail  at  either  of  the  other  places.  I  know  of  no  place  so  proper  for  this 
purpose  as  Kamptschatka.  In  the  southern  part  of  the  peninsula  of  Kampt- 
schatka  the  duration  is  near  8  minutes  less  than  at  Tomea  and  rather  more 
than  8  minutes  greater  than  at  the  south  point  at  California,  so  that  the  difference 
is  sufficient  to  deduce  the  parallax  very  well  by  comparing  the  duration  at 
Kamptschatka  witU  that  at  either  of  the  foregoing  places,  supposing  the  obser- 
vation to  fait  at  one  of  them;  I  know  of  no  other  place  proper  for  this  purpose 
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*#  NOTE  ON  CAVENDISH  AS  A  GEOLOGIST 

By  Sir  Archibald  Geikie,  O.M.,  K.C.B.,  F.R.S. 

!  Cavendish  endently  had  a  keen  interest  in  tracing  out  the  distribut 

of  some  of  the  more  conspicuous  geological  formations  across  central : 

southern  England.   But  he  identified  them,  as  he  confessed,  onlv  bytl 

;  superficial  characters.  These  characters  however  are  often  deceptive,  ( 

;  of  them  on  which  he  seems  to  have  laid  considerable  stress  was  tl 

f  colour.   \\'hen  he  found  &  yellow  limestone  he  concluded  that  it  lay 

t  mediately  below  the  Clay  [Gault]  which  underlies  the  Chalk.    Mid 

'  pointed  out  to  him  that  another  yellow  hmestone,  below  the  "  Lvas," ' 

\  extensively  developed  from  Leicestershire  to  Yorkshire  and  further  noi 

i  Ca\'endish  accepted  this  statement,  calling  Michell's  formation  the  .4tw, 

Yellow  Limestone.   There  can  be  no  doubt  that  this  was  what  we  kr 

as  the  Magnesian  Limestone  which  overlies  the  Coal-measures,  as  Mic 

'.  pointed  out. 

Cavendish  recognised  that  a  succession  of  formations  could  be  tra 
from  the  Chalk  downwards  through  Clay  (Gault)  then  Sands  (Greensa 
to  his  "yellow  limestone"  which  seems  to  have  been  any  portion  of 
calcareous  zones  in  the  Oolitic  series,  below  which  he  saw  that  the  "Ly 
lies.  He  seems  to  have  formed  a  general  notion  of  the  distribution  ; 
trend  of  these  formations  in  the  wide  extent  of  country  which  he  1 
traversed.  He  perceived  that  they  are  less  inclined  to  the  horizon  tl 
the  older  rocks  which  lie  to  the  west  of  them,  and  he  correctly  infer 
that  "  for  the  most  part  the  farther  we  go  to  the  W.  or  N.  W.,  the  lo^ 
the  strata  wc  meet  with." 

He  gives  a  curious  proof  that,  as  he  confesses,  "a  very  inif)erf 

knowledge  of  the  strata  is  to  be  acquired  by  merely  looking  at  the  surfa 

as  is  my  case."    He  took  the  clay  which  lies  below  the  gravels  of  Lone 

to  be  the  same  as  that  which  lies  below  the  Chalk,  and  he  supposed  tl 

the  Chalk  has  been  entirely  washed  away  from  the  London  plain.    He  < 

not  know  that  this  thick  formation  lies  still  intact  below  the  London  CI; 

protected  from  denudation  by  the  mass  of  overlying  Tertiary  deposits. 

Cavendish  entirely  missed  the  meaning  of  the  Derbyshire  Toadstoi 

i  preferring  Michell's  idea  that  it  is  "clay  which  was  heated  in  its  plact 

instead  of  Whitehurst's,  who  recognised  the  volcanic  origin  of  the  rocl 

It  is  curious  to  reflect  that  while  Cavendish  was  perambulating  Englai 

in  geological  excursions,  William  Smith  was  busy  with  those  observatio 

and  inferences  among  the  very  same  rocks  which  gave  him  the  true  ki 

to  the  stratigraphical  succession,  and  laid  a  sound  foundation  for  Strai 

'.    •  graphical  Geology. 

I  do  not  think  that  Cavendish's  paper  should  be  published.  It  is  ■ 
no  geological  importance,  and  it  would  add  absolutely  nothing  of  an 
consequeace  to  his  scientific  renown. 
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(3)    On  the  diminution  of  the  diurnal  motion  of  the  earth 

in  consequence  of  the  tides. 

If  there  was  no  loss  of  force  by  friction  the  sum  of  the  vis  viva  of  the  }) 
in  its  orbit  round  0,  the  rotatory  vis-viva  of  0  considered  as  one  Mass  (or  the 
visible)  and  the  vis  viva  of  the  Water  in  respect  of  0  (or  the  invisible  vis  viva) 
should  remain  unaltered  except  by  the  attracting  parts  approaching  nearer. 
But  if  the  invisible  vis  viva  is  diminished  by  friction,  and  the  loss  is  continually 
supphed  by  the  attract.  ])  then  the  sum  of  the  vis  viva  of  ])  and  of  the  visible 
vis  viva  of  0  must  be  as  much  diminished  as  to  compensate  that.  But  the  only 
way  by  which  the  loss  of  invisible  vis  viva  can  be  compensated  is  by  the  water 
being  at  a  medium  raised  higher  on  that  side  of  0  which  has  left  ])  than  on  the 
other,  and  this  will  diminish  the  visible  vis  viva  of  0  and  increase  that  of  J, 
and  the  increase  of  vis  viva  of  ])  is  to  the  diminution  of  visible  vis  viva  of  0 
directly  as  their  angular  velocities,  or  as  i  :  13,  and  conseq.  the  diminution  of 
visible  vis  viva  of  0  is  to  the  diminution  of  the  invisible  vis  viva  by  friction 
as  13  to  12,  and  therefore  may  be  considered  as  equal.  It  must  be  observed, 
however,  that  this  increase  of  vis  viva  of  ])  will  increase  its  distance  from  0, 
and  therefore  will  actually  diminish  its  vis  viva,  but  this  does  not  affect  the 
justness  of  the  foregoing  conclusion. 

(4)    To  find  the  bending  of  a  ray  of  light  which  passes  near  the 
surface  of  any  body  by  the  attraction  of  that  body. 

Let  s  be  the  centre  of  body  and  a  a  point  of  surface.  Let  the  velocity  of 
body  revolving  in  a  circle  at  a  distance  as  from  the  body  be  to  the  velocity 

of  Ught  as  I  :  u,  then  will  the  sine  of  half  bending  of  the  ray  be  equal  to  — - — ,  * 

[This  deflection  is  half  the  amount  given  by  Einstein's  law  of  gravitation.] 
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Among  a  number  of  observations  at  different  places  to  dett 
height  of  Blanchard's  balloon  are  a  series  made  by  Cavendish  at  < 
under  the  heading  "Observations  of  the  Altitude  of  Blancharc 
16  Oct.,  1784  with  Bird's  Astronomical  Quadr.  at  the  Royal  Ob 
4  ft.  radius." 

He  was  very  much  interested  in  the  transit  of  Venus,  and 
computations  and  correspondence  as  to  the  best  places  for  its  ob 
Among  the  places  mentioned  in  the  letter  to  Dr  Morton,  Wai 
occupied  by  Father  Hell,  and  Tahiti  by  Captain  Cook.  In  c 
with  the  transit  he  considered  the  effect  which  would  be  produ 
atmosphere  on  Venus,  and  foresaw  to  some  extent  the  diflictili 
might  arise  in  the  observations.  Incidentally  he  made  some  ex 
on  the  Minimum  visible  under  different  conditions.  He  found 
small  notch  and  3"  for  the  diameter  of  a  wire  seen  against  sky 

Cavendish  maintained  for  a  considerable  time  an  intere 
difficult  problem  of  the  determination  of  the  orbit  of  a  comet  fi 
observations.  Among  the  papers  there  is  a  list  of  all  the  Conn 
orbits  had  been  computed,  and  there  are  a  number  of  scrappy 
computation.  These  are  undated.  A  more  finished  essay,  a] 
intended  for  publication,  was  sent  to  Maskelyne,  who,  in  his  re] 
April  16,  1788,  suggests  that  Cavendish  should  compute  the  orl 
Comet  discovered  in  that  year  by  Miss  Herschel,  and  supplies  obs* 
There  is  another  letter  of  Maskelyne's  to  Cavendish  dated  Oct. 
in  which  he  says  that  Sir  Henry  Englefield  to  whom  he  had  comn 
observations  of  the  Comet  of  1799  at  the  same  time  as  to  Cavem 
forwarded  him  a  preliminary  orbit.  "  I  send  these  to  save  you  uni 
trouble  or  that  you  may  direct  it  with  more  advantage  by  con 
with  the  rough  elements  here  given." 

The  orbit  of  the  Comet  of  1799  is  "computed  by  the  table  t 
vnch's  sagitta."   Besides  using  this  Newtonian  method  he  also  i 
computation  by  "a  Buxional  process."   There  are  a  few  short 
Laplace's  method.    At  the  conclusion  of  one  of  these  notes  he 

For  La  Place's  method  we  only  find  whether  the  supposition  ag: 
observation  in  one  respect,  but  the  greatest  fault  is  that  if  the  angle  si 
by  the  Earth  and  Sun  at  the  Comet  at  either  observation  is  nearlji 
small  alteration  in  the  radius  vector  makes  a  great  error  in  the  he] 
place  and  therefore  a  small  error  in  that  observation  will  make  a  great  a 
in  the  parabola. 

None  of  this  work  appears  to  have  been  published,  and  no  refe 
made  to  Cavendish  in  Sir  Henry  Englefield's  book  (1793)  which 
account  of  Bosco\ich's  and  Laplace's  methods,  or  in  Ivory's  pap< 
Phil.  Trans.  1814. 

There  are  short  notes  on  planetary  perturbations  of  Comets 
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are  for  each  year  the  calculations  from  which  the  several  mean  declinations 
were  derived. 

Six  pages  (unnumbered)  of  the  same  size  as  above,  and  two  slips 
summarise  the  mean  declinations  from  1782  to  1803.  The  pages  and  slips 
to  a  considerable  extent  are  duplicates  of  one  another. 

The  above  form  the  basis  of  the  tables  giWng  declinations,  mean  values, 
ranges,  etc.  at  Hampstead  and  Clapham. 

A  separate  group  of  pages  of  similar  size  numbered  i  to  23,  having 
subject  "Effect  of  heat  on  magnets"  indicated  on  one  page.  The  results 
have  been  summarized. 

(2)  A  bundle  of  small  octavo  pages  about  6J"  x  4"  marked  "Hori- 
zontal needle"  on  outside  page.  These  are  variously  paged  and  include 
dip  as  well  as  dechnation  observations.  The  first  part,  numbered  pp.  I  to6l, 
deals  with  declination  and  dip  observations  made  in  1773,  1774  and  1775. 
A  good  many  of  the  observations  are  experimental.  Others  compare 
different  magnets  or  aim  at  determining  errors  due  to  peculiarities  of 
instruments,  presence  of  magnetic  matter,  etc.  A  good  many  refer  to 
observations  made  at  the  Royal  Society  House,  or  with  the  Royal  Society 
needles.  The  observational  data  referring  to  the  Royal  Society  House 
have  been  set  out  subsequently. 

(3)  There  follow  pages  numbered  i  to  6.  the  first  headed  "Trial  of 
dipping  needles  for  R.S.,"  and  five  unnumbered  leaves  with  a  scrap  of  paper 
relating  apparently  to  needles  by  Ramsden  and  Naime. 

Then  pages  numbered  i  to  4,  the  first  headed  "Sissons  dipping  needle." 

Then  four  leaves  describing  some  dipping  needle. 

Then  four  leaves  unnumbered  headed  "springing  of  needles"  giving 
some  values  of  Young's  modulus.  These  have  been  made  use  of  in  what 
follows. 

Then  four  leaves,  two  blank,  headed  "Trial  of  long  bars  by  compass." 

Then  eleven  leaves,  some  blank,  numbered  1  to  15,  describing  results 
of  experiments  on  strength  of  variously  shapcsj  needles  which  are  subse- 
quently dealt  with. 

Then  a  series  of  pages  numbered  i  to  58  dealing  with  dip  observations. 
Some  of  the  observations  seem  experimental.  There  is  a  synopsis  of  the 
experiments  recorded  on  pp.  11 — 16,  but  their  object  is  not  explained. 
On  pp.  17,  18,  19,  25.  26.  27.  28,  33,  36.  37,  38.  39,  40.  41,  42,  43  there 
are  results  of  dip  observations  taken  several  times  a  day  throughout  a 
number  of  months,  presumably  during  several  years  of  which  1775  was 
certainly  one  (cf.  p.  39).  [There  seems  no  attempt  to  deduce  from  them 
the  nature  of  the  diurnal  variation,  but  it  is  difficult  to  imagine  what  other 
purpose  Cavendish  can  have  had  in  view.  Presumably  when  he  started 
observing  the  probable  extent  of  the  diurnal  range  was  unknown  to  him 
V.  infra.']  Pp.  45^54  deal  with  dip  observations  made  in  August  1778  in 
London  and  various  places  in  England,  the  results  of  which  have  been 
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reproduced.  Pp.  55 — 58  deal  wth  dip  observations  made  in  1791  which 
have  also  been  utilised.  In  the  same  bundle  are  two  sheets  with  dip  results 
obtained  with  Naime's  needle  inside  a  house,  and  also  with  its  plane  out 
of  the  magnetic  meridian.  There  follow  eight  pages,  some  of  them  blank, 
giving  some  declination  results.  The  place  of  observation  is  not  stated. 
One  page  containing  a  smnmary  of  results  for  1788,  1789,  1790  is  headed 
"Gilpin's  observing  needle."  The  declinations  it  gives  are  fully  10'  in 
excess  of  those  obtained  in  the  same  years  at  Clapham.  A  second  set  of 
data  for  1789  give  lower  values  for  the  declination  than  those  at  Clapham. 
At  the  end  of  the  packet  are  a  few  pages  ha\'ing  apparently  nothing  to 
do  with  magnetism.  One  contains  some  information  as  to  radii  of  gyration ; 
a  second  refers  to  an  elasticity  experiment  in  which  a  modulus  of  elasticity 
was  derived  for  cro^n  glass;  a  third  refers  to  some  astronomical  calcula- 
tion. 

There  are  finaUy  a  bundle  of  miscellaneous  papers  with  sheets  of 
various  sizes.  These  comprise:  a  paper,  paged  i  to  13,  entitled  **  Bending 
of  tapering  needle  by  its  weight."  This  includes  the  mathematical  solution 
of  the  problem  and  some  numerical  results  which  are  referred  to  subse- 
quently. 

A  MS.  of  two  sheets  containing  declination  results  obtained  in  Cecil 
Street  and  PaU  MaU  between  1759  and  1775  (r.  infra). 

Three  sheets  dealing  uith  declination  and  dip  results  obtained  in  June 
and  July  1776  and  177S  at  the  Royal  Society's  House  (see  p.  465  et  scq.). 

One  sheet  dealing  apparently  vdth  error  in  (Ro\*al  Society?)  compiass 
in  1777, 

One  sheet  and  small  scrap  of  paper  dealing  with  error  of  iRox-al 
Society's?)  compass  in  1779  and  17S0. 

A  sheet  gixing  some  declination  results  in  Pall  Mall  in  May  17S7. 

A  sheet  gixing  results  of  hourly  declination  obser\-ations  with  "Mr 
Gilpin's  obser\ing  needle"  in  June  17SS  (see  p.  472  ct  seq,), 

A  sheet  sunmiarising  declination  results  in  Pall  Mall  from  1782  to  1791. 

A  sheet  containing  apf>arently  the  results  of  half  hourly  observations 
of  declination  from  6  a.m.  to  7  p.m.  on  Oct.  24th  (?)  of  an  unspecified 
year,  at  an  unspecified  place.  The  range  shown  is  12'. 

A  sheet  giving  some  comparative  declination  results  for  Cla[diam  and 
Pall  Mall,  and  some  yearly  means  at  Hampstead  and  Cla[diam. 

A  sheet  giving  "Variation  at  Ro\*al  Society"  in  June,  July  and 
September  1S02  and  1S03. 

Two  sheets  (six  pages)  describing  some  experiments  vnth  different 
suspensions  in  a  declination  needle,  referring  apparently  to  effects  of 
moisture. 

Eight  pages  (three  blank)  apparently  notes  from  some  work  on 
Terrestrial  Magnetism,  including  dip  results  obtained  at  a  number  of 
places  in  England  in  1720. 


441 

Sheet  referring  to  old  declination  observations,  copied  apparently  from 
GelUbrand's  work  on  Magnetism. 

Sheet  containing  some  unexplained  data  headed  ijy^  and  1775. 

Large  sheet  ftilded  in  four  dealing  with  some  unexplained  experi- 
ments apparently  with  dip  needles  near  a  disturbijig  magnet  in  1778  and 
1779- 
Sheet  folded  in  two  giving  results  of  deflection  experiments  made  in 
1776  with  a  poker  and  the  cast  iron  "cheeks"  of  a  stove. 

Sheet  folded  in  two  giving  rcsidts  of  deflection  experiments  made  in 
1776  with  an  iron  and  a  steel  bar  supplied  by  Elwell. 

Three  large  sheets  folded  in  four  dealing  with  deflection  experiments 
made  with  bhstered  steel,  cast  iron  and  forged  iron  bars  supplied  by 
Elwell  (see  p.  444). 

Sheet  with  some  unexplained  diagrams  of  parallelograms  having 
apparently  something  to  do  with  prospects  obstructed  and  not  obstructed 
by  trees  at  some  unspecified  place. 

One  sheet  folded  in  two,  one  side  being  the  solution  of  a  problem  in 
spherical  trigonometry,  the  other  side  inscribed  "Computation  how  great 
the  dip  must  be  that  the  error  caused  by  moving  needle  a  given  distance 
from  magnet[ic)  meridian  shall  be  a  maximum  and  how  great  the  error 
is  in  that  case." 

Ten  large  and  ten  small  pages  (some  blank)  giving  calculations  in 
spherical  trigonometry.  One  page  is  inscribed  "Examination  whether 
direction  of  horizontal  needle  (i.e.  declination  needle)  is  in  the  small  circle 
passing  through  the  two  points  of  surface  in  which  dip  =  90°,  the  two 
magnetic  poles  being  supposed  to  be  at  a  great  and  equal  depth  below 
surface  and  the  distance  of  the  two  above  mentioned  points  being  near 
180°. " 

MS.  eight  large  pages  inscribed  "The  method  of  balancing  the  needle 
after  it  is  made  magnetical,"  This  refers  to  dip  needles  furnished  with 
balancing  screws. 

MS.  paged  i  to  5  inscribed  "To  find  the  true  dip  from  observations 
made  in  the  four  different  ways  when  the  difference  between  those  ways 
is  considerable."  This  refers  to  the  case  when  there  are  considerable 
differences  between  the  dips  obtained  with  the  circle  facing  east  and  west 
and  with  the  two  ends  dipping. 

Four  pages,  three  blank,  inscribed  "On  the  different  forms  of  con- 
structing a  dipping  needle,"  refers  to  cases  where  the  axle  rolls  on  hori- 
zontal planes  and  on  friction  wheeb. 

Four  pages  dealing  with  effect  of  ship's  iron  on  compass  (see  p.  463). 

MS.  paged  i  to  26,  and  sheet  with  two  figures,  inscribed  "On  the 
different  construction  of  dipping  needles."  This  deals  with  various  sources 
of  error  including  some  numerical  results  for  bending  of  different  shaped 
needles  (see  p.  453). 
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A  mf^  sheet,  folded  in  two,  inscribed  "For  Captain  PSckeisgilL" 

A  US.  paged  i  to  7  inscribed  "For  Cook  and  Bayley." 

A  MS.  paged  i  to  17  inscribed  "Directions  for  osb^  the  dipping  needle 
for  Dalrymple." 

These  three  XSS.  contain  instnictions  to  travellers  and  are  dealt  with 
subsequently  (see  p,  462). 

Three  ycizfs  of  paper  nnintdhgible  by  themselves. 

The  substance  of  these  jOLpers  may  be  conveniently  arranged  and 
dealt  with  as  follows: 


I. 

2.    Experiments  on  "fixed"  (permanent)  and  "moveabfe"*  (temporary) 


3.  Effect  of  Heat  on  Magnets. 

4.  Strengths  of  Magnets  of  various  cross-sections. 

5.  "  Springing  "  (Elastic  Bending)  of  Xeedks. 

6.  Errors  in  Observed  Dip  due  to  bending  of  Dip  Needks. 

7.  Sources  of  error  in  Dip  Observations. 

8.  Instnictions  to  Observers  and  General  Notes. 

9.  Dip  Observations. 

{  10,  Diurnal  Variation  of  Dip. 

{II.  Declination  Observaticms. 

S  12.  Secular  Change  of  Declination. 

{  13.  Diurnal  Variation  of  Declination. 

S  14.  Disturbed  Days. 

iNTRODUCnON 

§  I.    To  facilitate  the  comprehension  of  the  experimental  work  on 
magnets  which  Cavendish  executed,  it  is  desirable 
to  consider  first  how  he  measured  the  strength  of       O 
magnets. 

Suppose  A  and  B  to  represent  the  poles  of  a     Af^'^  / 

magnet  in  a  vertical  position,  and  P  a  point  at  a 
horizontal  distance  PO  =  d  from  the  vertical  line 
BA .  Let  -f  fi  and  —  fi  represent  the  equal  strengths 
of  the  two  pcJes.  Let  /  denote  the  length  AB,  and 
let  ipi  and  V^,  denote  the  angles  APO  and  BPO,  If 
ms  fdhe  the  magnetic  moment  of  the  magnet,  it 
is  easily  proved  that  the  horizontal  component  F 
of  the  resultant  magnetic  force  at  P  is  directed  "  p^  ^ 
along  OP  and  is  given  by 

F=(mlld^  (cos»  ^1  ~  cos»  ^^ (I). 


/ 
/ 
/ 
/ 

/ 
f 

i 

i 

/ 
/ 
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Suppose  now  that  a  small  compass  needle  NS,  capable  of  motion  only 
in  a  horizonta]  plane,  has  its  centre  at 
the  point  P,  and  that  Fig.  2  represents 
this  needle  as  deflected  out  of  the  mag-  ^^^ 

netic  meridian  MM'.    We  may  suppose  1        »t  I       _  — *  ^ 

the  needle  so  short  compared  with  the 
horizontal  distance  d  of  its  centre  from 
the  deflecting  magnet  that  the  magnetic 
force  may  be  regarded  as  the  same  at 
the  positions  occupied  by  the  two  poles 
N  and  S.  Suppose  this  force  F  to  make 
an  angle  a  with  the  perpendicular  to  the 
magnetic  meridian,  and  ^  to  be  the  incli- 
nation of  the  deflected  needle  NS  to  the 
magnetic  meridian.  Then  we  obviously 
have 

F  cos  a  =  {H  -\-  F  ^m  a)  tan  ^. 

If  a  bo  small,  and  ij>  not  too  large,  a  close  approximation  is 

F  =  Ht3Jl<f> (2). 

If  the  same  magnet  in  different  magnetic  conditions — or  a  series  of 
magnets  in  succession,  identical  in  pole  distance — occupies  the  fixed 
position  AB,  we  get  for  the  magnetic  moment  by  combining  (i)  and  (2) 

m  =  CHt3Ji4>    (3), 

where  C  is  a  constant  determined  by  the  values  of  /  and  d  and  the  con- 
sequent values  of  ^j  and  ^j. 

For  very  exact  work  (2)  would  have  to  be  replaced  by  a  more  compli- 
cated expression  which  allowed  for  the  finite  length  of  the  deflected 
compass  needle,  and  allowance  would  have  to  be  made  for  variations  in  H 
during  the  time  of  the  observations.  There  were  no  magnetographs  in 
Cavendish's  time,  and  he  naturally  was  obliged  to  treat  H  as  a  constant. 
Also,  instead  of  taking  changes  in  »i  as  measured  by  changes  in  tan  tj),  he 
regarded  them  as  measured  by  the  changes  in  4>  itself.  As  <)>  was  not  in 
all  cases  small,  this  cannot  be  regarded  as  altogether  satisfactory.  Still 
.  the  results  suiTice  to  give  a  good  general  idea  of  the  nature  of  the  pheno- 
mena, and  this  seems  to  have  been  all  Cavendish  really  aimed  at. 

The  objects  he  seemed  to  have  had  principally  in  view  were  to  ascertain 
what  kinds  of  iron  or  steel  were  most  suitable  for  temporary  and  permanent 
magnets ;  how  magnets  were  affected  by  changes  of  temperatiu-e ;  and  what 
shapes  should  be  given  to  magnets  to  secure  high  strength  for  a  minimum 
of  weight. 

In  his  experiments  Cavendish  seems  invariably  to  have  got  one  end 
of  the  deflecting  magnet — either  the  upper  or  the  lower  end — level  with 
the  auxiliary  compass  needle.    He  may  have  supposed  the  poles  of  bar 
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NOTE  ON  CAVENDISH  AS  A   GEOLOGIST  \ 

By  Sir  Archibald  Geikie,  O.M.,  K.C.B.,  F.R.S.        . 

Cavendish  evidently  had  a  keen  interest  in  tracing  out  the  distrikr; ;  I 
of  some  of  the  more  conspicuous  geological  formations  across  centra]  j; 
southern  England.  But  he  identified  them,  as  he  confessed,  only  bv ih: I 
superficial  characters.  These  characters  however  are  often  deceptive  '.*; 
of  them  on  which  he  seems  to  have  laid  considerable  stress  was  tbr^- 
colour.  WTien  he  found  a  yellow  limestone  he  concluded  that  it  lav  ii 
mediately  below  the  Clay  [GaultJ  which  underlies  the  Chalk.  Michel 
pointed  out  to  him  that  another  yellow  limestone,  below  the  "  Lvas,"»3- 
extensively  developed  from  Leicestershire  to  Yorkshire  and  further  nort!^- 
Cavendish  accepted  this  statement,  calling  Michell's  formation  the  ,-f  nrr>F, 
Yellow  Limestone.  There  can  be  no  doubt  that  this  was  w^hat  we  kno' 
as  the  Magnesian  Limestone  which  overlies  the  Coal-measures,  as  Miche! 
pointed  out. 

Cavendish  recognised  that  a  succession  of  formations  could  be  trace 
from  the  Chalk  downwards  through  Clay  {Gault)  then  Sands  (Greensand 
to  his  "yellow  limestone"  which  seems  to  have  been  any  portion  of  th 
calcareous  zones  in  the  Oolitic  series,  below  which  he  saw  that  the  "Lyas 
lies.  He  seems  to  have  formed  a  general  notion  of  the  distribution  an 
trend  of  these  formations  in  the  wide  extent  of  country  which  he  ha 
traversed.  He  perceived  that  they  are  less  inclined  to  the  horizon  tha 
the  older  rocks  which  lie  to  the  west  of  them,  and  he  correctly  infen^ 
that  "for  the  most  part  the  farther  we  go  to  the  W.  or  N.W.,  the  Iow« 
the  strata  we  meet  with." 

He  gives  a  curious  proof  that,  as  he  confesses,  "a  very  imperfet 
knowledge  of  the  strata  is  to  be  acquired  by  merely  looking  at  the  surfaci 
as  is  my  case."  He  took  the  clay  which  lies  below  the  gravels  of  Londo 
to  be  the  same  as  that  which  lies  below  the  Chalk,  and  he  supposed  thz 
the  Chalk  has  been  entirely  washed  away  from  the  London  plain.  He  di 
not  know  that  this  thick  formation  lies  still  intact  below  the  London  Claj 
protected  from  denudation  by  the  mass  of  overlying  Tertiary  deposits. 

Cavendish  entirely  missed  the  meaning  of  the  Derbyshire  Toadstont 
preferring  Michell's  idea  that  it  is  "clay  which  was  heated  in  its  place, 
instead  of  Whitehurst's,  who  recognised  the  volcanic  origin  of  the  rock. 

It  is  curious  to  reflect  that  while  Cavendish  was  perambulating  Englan* 
in  geological  excursions,  William  Smith  was  busy  with  those  observation 
and  inferences  among  the  very  same  rocks  which  gave  him  the  true  kej 
to  the  stratigraphical  succession,  and  laid  a  sound  foundation  for  Strati 
graphical  Geology. 

I  do  not  think  that  Cavendish's  paper  should  be  published.  It  is  ol 
no  geological  importance,  and  it  would  add  absolutely  nothing  of  any 
consequence  to  his  scientific  renown. 
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moment  arising  from  the  permanent,  or  as  Cavendish  called  it  the  "fixed" 
magnetism,  and  m,  the  magnetic  moment  arising  from  the  temporary 
magnetism,  induced  by  the  earth's  vertical  field,  or  as  Cavendish  calls  it 
the  "moveable"  magnetism.  When  the  marked  pole  was  up,  the  magnetic 
moment  was  m,  +  «i„;  when  it  was  down — supposing  for  mathematical 
convenience  the  temporary  magnetism  to  be  the  stronger — the  magnetic 
moment  was  »i,  —  m„. 

If  now  we  suppose  with  Cavendish  that  (3)  is  replaceable  by 

m~{ilC)4. (4), 

where  C  is  a  constant,  we  have 

A  -  2C  (i»,  +  >«,)1 

B  -  iC  [m,  -  m,)\  ™. 

:;:i::J!ia (^)- 

Thus  the  variations  in  A  -  B  and  in  ^4  +  B  tell  us  the  changes  in  the 
permanent  and  temporary  magnetic  moments.  These  variations  are 
shown  in  the  following  table. 

Table  I.    "FLxed"  and  "moveable"  magnetism. 

Blistered  Steel  Cast  Iron,  Forged  Iron, 

Blistered  Sleel      (hammeied).  No.  I  No.  i  No.  i 

Date  A-B  A  +B  A-B  A+B  A-B  A+B  A-B  A\B 

1776  =      '  =     '              0      ,  =      .  =      ,  ,     ,  .      ,  .      , 

May       29  27  30  8  30           —  —             —        ^^             _  ^^ 

30  27  20  8  24  90  42  4    8  68  32  3  48  26  18  12  42 

31  —  —  89  50    3  50        68  14    3  26        24  12     II  22 
June        2      27  32    8  28        90  42     3  52        69    o    3  40        24  19     11  35 

6  27  26  8  40  90  48  4     4  6g  II  3  35  24     I  II  35 

19  27  21  8  41  90  48  3  52  69  13  3  37  23  46  II  28 

22  27    5  8  39  90  51  3  45  68  55  3  41  ^3  40  "  24 

30  27  II  8  35  90  54  4    o  69  12  3  32  23  27  II  49 

July         2  26  51  8  39  90  43  4    3  69     I  3  37  22  51  II  35 

29  26  40  8  46  90  15  3  55  68  53  3  49  22  53  II  33 

August  10  26  32  8  36  89  30  3  56  68  15  3  41  2Z  40  II  36 

October   9  25  30  8  34  89  38  3  42  68  14  3  36  22  25  11  19 

27  25  34  8  34  89  34  3  50  68  2  3  32  32  28  II  22 
1777 

June        2  24  20  8  44  86  43  4    3  66     2  3  48  21  30  11  34 

13  24  25  8  31  86  35  3  51  66    o  3  36           —          — 

In  considering  the  significance  of  these  figures  it  must  be  remembered 
that  C  in  (4)  is  not  an  absolute  constant,  but  varies  with  H,  that  the 
induced  magnetism  necessarily  varies  with  changes  in  the  vertical  force, 
and  that   the  magnetic  moment  of  a  magnet  is  a  quantity  having  a 


« 
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temperature  coefficient.  Thus  some  irregular  fluctuation  was  inevitable 
in  the  figures  in  Table  I,  even  if  the  apparatus  had  possessed  every  modem 
refinement.  That  the  fluctuations  should  be  so  regular  as  they  are,  con- 
sidering the  rough  character  of  the  apparatus,  is  a  remarkable  tribute  to 
Cavendish's  care  and  skill  as  an  observer. 

When  we  look  at  the  large  size  oi  A  —  Bm  the  case  of  the  second  and 
third  bars,  the  criticism  that  the  use  of  the  deflection  angles  instead  of 
their  tangents  was  under  the  circimistances  very  inexact  naturally 
suggests  itself.  But  it  should  be  remembered  that  A  —  B  has  to  be 
divided  by  4  to  get  the  real  size  of  the  angle.  If  we  take  as  an  example 
22°*5,  i.e.  7r/8,  we  have 

(tan  22°-5)  -^  (tt/S)  =  •4I4/-393  =  i-05, 

so  that  even  in  this  case  the  departure  from  unity  is  not  very  serious. 

The  first  observation  with  the  forged  iron  bar  gives  an  outstandingly 
large  value  for  both  A  -^  B  and  A  —  B  which  it  is  difficult  to  account  for 
satisfactorily.  With  this  exception  the  fluctuations  in  the  values  in  the 
several  A  -\-  B  columns  appear  to  be  fortuitous.  They  supply  no  evidence 
of  any  change  in  the  induction  coefficient  in  the  earth's  vertical  field. 
With  the  A  —  B  columns,  i.e.  the  permanent  magnetic  moment,  it  is  quite 
otherwise.  In  the  case  of  the  blistered  steel  bars,  whether  hammered  or 
not,  there  was  evidently  little  if  any  change  in  the  permanent  moment 
so  long  as  the  bars  were  kept  south  pole  up;  but  subsequent  to  June  30, 
1776,  when  the  earth's  vertical  field  tended  to  demagnetise  the  bars,  the 
loss  of  moment  is  clearly  apparent.  The  cast  iron  bar  seemed  if  anything 
to  increase  in  moment  up  to  June  30,  1776,  but  subsequently  there  was 
an  undoubted  fall.  The  forged  iron  bar  seems  to  have  lost  moment  from 
the  start.  Its  percentage  loss  of  moment  subsequent  to  June  30,  1776, 
was  similar  to  that  in  the  other  bars. 

The  differences  between  the  individual  bars — which,  it  will  be  re- 
membered, were  identical  in  size — are  very  striking.  If  the  two  blistered 
steel  bars  were  of  the  same  material,  differing  only  in  the  hammering  to 
which  the  one  was  subjected,  the  effect  of  the  treatment  was  surprisingly 
large.  Roughly  speaking,  it  halved  the  temporary,  and  trebled  the  per- 
manent magnetism,  both  excellent  things  for  a  horizontal  force  collimator 
magnet.  The  cast  iron  bar  had  apparently  a  slightly  lower  temporary 
moment  than  the  hammered  steel,  and  a  permanent  moment  some  25  per 
cent.  less.  The  forged  iron  bar  was  evidently  the  softest,  its  temporary 
induction  being  three  or  four  times  as  large  as  that  of  the  hammered  steel 
and  cast  iron  bars. 

Of  the  remaining  bars  obtained  from  Elwell,  Cavendish  writes: 

The  three  bars  marked  No.  2  were  kept  constantly  with  the  mark  upwards. 
In  the  first  trials  with  them  the  compass  was  placed  in  the  same  position  as  with 
the  other  bars  (i.e.  the  horizontal  distance  of  the  compass  from  the  wall  against 
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jM-obably  had  their  origin  in  discussions  about  the  near  approach  of 
a,  Lexell's  Comet  to  Jupiter  in  1779.  One  of  these  is  drawn  up  in  the  form 
_    of  precepts  for  a  computer  and  is  entitled  "Written  for  person  thought 

■  of  for  calculating  perturbations  of  expected  Comet." 
_  I  have  made  four  short  extracts  from  the  papers: 
lii        (i)    I-etter  to  Dr  Morton. 

.j         (2)    The  last  page  of  a  paper  on  the  Precession  of  the  Equinoxes. 
^         (3)    A  part  of  a  very  short  note  on  the  influence  of  the  (ides  on  the 
earth's  rotation. 

(4}  An  isolated  scrap  on  the  bending  of  a  ray  of  light  by  gravitation, 
which  is  of  interest,  as  the  possibility  of  the  bending  of  a  ray  of  light  by 
a  gravitational  field  is  at  present  engaging  attention,  though  Cavendish 
was  working  on  a  corpuscular  theory.  This  may  have  been  suggested  by 
Query  i  of  Newton's  Opticks  "Do  not  Bodies  act  upon  Light  at  a  distance,  ■ 
and  by  their  action  bend  its  Rays,  and  is  not  this  action  (coeteris  paribus) 
strongest  at  the  least  distance?  " 

(i)  Letter  to  Dr  Morton. 

The  best  way  of  finding  the  parallax  of  the  sun  from  the  transit  of  Venus 
in  1769  is  by  a  comparison  of  the  duration  of  the  transit  in  different  places  for 
which  purpose  it  should  be  observed  in  such  places  where  the  difference  of 
duration  is  the  greatest.  The  duration  is  greatest  about  Tomea  and  Wardhus 
in  Lapland.  It  is  to  be  hoped  that  Swedes  and  Danes  will  send  observers  to 
these  places.  The  place  where  the  duration  is  least  is  in  some  of  the  islands 
supposed  to  be  in  the  South  Sea  to  the  South  of  the  Equator,  and  which  would 
consequently  be  the  best  place  to  compare  with  Tomea  and  Wardhus.  ff 
observers  could  be  sent  there,  which  f  imagine  there  is  no  probability  of,  the 
next  best  places  are  Cape  Coirientes  in  Mexico,  where  the  duration  is  al>ove 
16  minutes  less  than  at  Tornea,  and  Cahfomia,  where  the  duration  is  from 
16  to  15  minutes  less  than  at  Tomea.  The  Royal  Society  proposes  to  send 
observers  to  California  which  is  a  better  place  than  Cape  Corrientes,  as  at  this 
latter  place  the  transit  will  end  so  little  before  sun  set  that  there  is  great  danger 
of  the  sun  being  hid  in  clouds. 

It  is  very  desirable  that  the  transit  should  be  observed  also  in  some  place 
where  the  duration  is  of  an  intermediate  length  between  that  at  California  and 
the  North  as  it  would  serve  as  a  check  in  case  of  error  in  either  of  other  observa- 
tions and  besides  that  would  be  particularly  useful  in  case  the  observation 
should  fail  at  either  of  the  other  places.  I  know  of  no  place  so  proper  for  this 
purpose  as  Kamptschatka.  In  the  southern  part  of  the  peninsula  of  Kampt- 
schatka  the  duration  is  near  8  minutes  less  than  at  Tomea  and  rather  more 
than  8  minutes  greater  than  at  the  south  point  at  Calif  omia,  so  that  Uie  difference 
is  sufficient  to  deduce  the  parallax  very  well  by  comparing  the  duration  at 
Kamptschatka  with  that  at  either  of  the  foregoing  places,  supposing  the  obser- 
vation to  fail  at  one  of  them ;  I  know  of  no  other  place  proper  for  this  purpose 
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except  the  north  western  parts  of  Hudson  Bay,  where  I  believe  1 
extremely  difficult  to  send  observers  as  ships  can  hardly  get  there  e 
in  the  summer  to  land  observers  there  before  the  transit,  and  it  woul 
practicable  for  obser^'ers  to  winter  there.  Besides  that,  if  it  was  pr 
send  observers  there,  it  would  not  be  so  proper  a  place  as  Kamptscb 
sun  is  much  lower  and  consequently  there  is  more  danger  of  its  t 
clouds. 

(2)  On  Precession  of  the  Equinoxes. 

The  French  Academicians  by  the  mensuration  of  a  degree  del 
difference  of  the  axes  to  be  -j^g  of  the  whole,  but  it  has  been  demons 
if  the  earth  be  supposed  to  consist  of  spheroidical  strata  and  is  0 
density  in  each  part  of  the  same  stratum,  however  different  in  diffe: 
or  however  different  the  degree  of  ellipticity  of  those  strata,  tha 
difference  of  the  2  axes  divided  by  the  axis  +  the  difference  of  gra 
equator  and  pole  divided  by  gravity  =  f  of  the  centrifugal  force  at  i 
divided  by  gravity;  the  Academicians  have  also  determined  the  d 
gravity  to  be  YJb'  whence  the  difference  of  the  axes  should  com 
therefore,  as  the  difference  of  axes  as  observed  by  the  Academy  ca 
place  without  assuming  some  very  improbable  hypothesis  of  the  der 
earth,  or  by  denying  the  theory  (which  seems  too  well  founded  to 
by  this)  and  as  the  different  measures  of  degrees  agree  so  little  with  01 
as  well  as  because  the  irregularity  of  the  surface  of  the  earth  (pari 
the  high  mountains  of  Peru)  may  cause  an  alteration  in  the  direction 
and  by  that  means  disturb  the  accuracy  of  the  experiment,  I  thin 
fairly  reject  this  mensuration  and  assume  that  difference  of  axes  wl 
with  the  difference  of  gravity  or  ^|^ ;  this,  if  you  suppose  the  annual 
caused  by  the  sun  to  be  i5"-4,  answers  very  well,  but  if  you  suppo 
12"  or  8"-y  it  may  be  reconciled  with  experiment  by  supposing  that 
of  ellipticity  of  the  spheroidical  strata  diminish  as  they  approach  ne< 
center.  Thus,  if  you  suppose  the  earth  to  consist  of  a  spherical  nuc 
uniform  density  covered  with  a  spheroidical  shell  of  less  density,  a 
suppose  the  diameter  of  the  nucleus  to  be  .^  of  the  diameter  of  the 
its  density  to  that  of  the  outer  shell  as  13  :  9,  the  difference  of  axes  of 
and  difference  of  gravity  ought  to  be  the  same  as  I  have  here  suppose 
precession  caused  by  the  sun  would  be  12"  or  the  mean  quantity,  bt 
no  way  of  accounting  for  a  precession  8"'7  unless  you  suppose  the  c 
the  earth  at  first  to  increase  and  then  diminish  again  as  you  approacl 
the  center;  if  you  will  grant  this,  you  may  account  both  for  the  difi 
axes  and  precession  by  supposing  the  earth  to  consist  of  an  hollow  sphi 
outer  diameter  is  ^  and  inner  diameter  -^  of  that  of  the  earth  and  £ 
a  matter  of  less  density  and  covered  with  a  spheroidical  shell  and 
density  of  the  outer  shell  hollow  sphere  and  inclosed  matter  are  to  ei 
in  the  proportion  of  i,  6  and  ■^. 
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(3)    On  the  diminution  of  the  diurnal  motion  oj  ike  earth 
in  consequence  of  the  tides. 

If  there  was  no  loss  of  force  by  friction  the  sum  of  the  vis  viva  of  the  5 
■in  its  orbit  round  ®.  the  rotatory  vis-viva  of  ®  considered  as  one  Mass  {or  the 
visible)  and  the  vis  viva  of  the  Water  in  cespect  of  ©  (or  the  invisible  vis  m'uii) 
should  remain  unaltered  except  by  the  attracting  parts  approaching  nearer. 
But  if  the  invisible  vis  viva  is  diminished  by  friction,  and  the  loss  is  continually 
supplied  by  the  attract.  J)  then  the  sum  of  the  vis  viva  of  J>  and  of  the  visible 
vis  viva  of  ©  must  be  as  much  diminished  as  to  compensate  that.  But  the  only 
way  by  which  the  loss  of  invisible  vis  viva  can  be  compensated  is  by  the  water 
being  at  a  medium  raised  higher  on  that  side  of  ©  which  has  left  D  than  on  the 
other,  and  this  will  diminish  the  visible  vis  viva  of  ®  and  increase  that  of  J, 
and  the  increase  of  vis  viva  of  J)  is  to  the  diminution  of  visible  vis  viva  of  ffl 
directly  as  their  angular  velocities,  or  as  i  :  13,  and  conseq,  the  diminution  of 
visible  vis  viva  of  ©  is  to  the  diminution  of  the  invisible  vis  viva  by  friction 
as  13  to  12,  and  therefore  may  be  considered  as  equal.  It  must  be  observed, 
however,  that  this  increase  of  vis  viva  of  J  will  increase  its  distance  from  ©, 
and  therefore  will  actually  diminish  its  vis  viva,  but  this  does  not  affect  the 
justness  of  the  foregoing  conclusion. 


(4)    To  find  the  bending  of  a  ray  of  light  which  passes  near  the 
surface  of  any  body  by  the  attraction  of  that  body. 

Let  s  be  the  centre  of  body  and  a  a  point  of  surface,   l-et  the  velocity  of 
body  revolving  in  a  circle  at  a  distance  as  from  the  body  be  to  the  velocity 

of  light  as  I  :  u,  then  will  the  sine  of  half  bending  of  the  ray  be  equal  to  — - — j  ■ 

[This  deflection  is  half  the  amount  given  by  Einstein's  law  of  gravitation.] 


438  Unpublished  Papers 


CAVENDISH'S  MAGNETIC  WORK 

CjAVENdish's  interest  in  Magnetism,  and  especially  Terrest 
netism,  would  appear  to  have  originated  through  his  associati< 
investigator,  with  his  father.  Lord  Charles  Cavendish  possess* 
ments  for  observing  magnetic  dechnation  and  dip  and  seems 
occupied  himself  in  making  systematic  observations  in  the  gart 
house  at  Great  Marlborough  StreeJ  in  which  he  was  assisted  b^ 
It  was  probably  at  their  instigation  that  the  Royal  Society 
measurements  of  these  elements  in  the  scheme  of  meteorological 
tions  which  they  instituted  at  their  house  in  Crane  Court,  1 
Cavendish,  by  desire  of  the  Society,  reported  in  1766  (see  p.  112 
The  Chatsworth  Manuscripts  contain  a  considerable  number 
by  Cavendish  on  Magnetism  and  related  subjects.  These  have  \ 
carefully  examined  by  Dr  Charles  Chree,  F.R.S.,  the  Superint* 
the  Kew  Observatory,  who  writes  as  follows  concerning  them, 

ON  THE  CAVENDISH  MSS.  RELATING  TO  MAGNETISM 
ASSOCIATED  SUBJECTS 

By  Charles  Chree,  Sc.D.,  LL.D.,  F.R.S., 

Superintendent  of  the  Kew  Observatory. 

The  Cavendish  MSS.  relating  to  magnetism  consist  of  (i)  a  \ 
small  octavo  pages  about  6J"  x  4",  usually  two  leaves,  sometii 
one.  Two  leaves  are  usually  paged  as  four  f>ages.  The  pag^es  1 
2  to  256,  but  numbers  167,  168,  209,  210,  223,  224,  225,  240,  : 
243,  254,  255  and  256  each  include  two  pages.  There  is  an  an 
leaf  200  A,  numbered  on  one  side  only.  These  all  relate  to  dei 
observations.  The  observations  on  pp.  2 — 10  seem  experiment 
year  to  which  they  refer  is  not  given.  On  pp.  2,  3,  4  there  are  r 
only  the  days  of  the  week.  On  pp.  5 — 10  there  are  dates  rangi 
July  3  to  December  30,  but  no  year.  Pp.  11, 12, 13  relating  to  obse 
in  May  and  June  1782  seem  similarly  preliminary.  The  obse 
recorded  on  pp.  14  et  seq.  are  mostly  systematic  and  cover  dec 
observations  taken  at  Hampstead  and  Clapham  between  1782  at 
The  usual  particulars  given  are  the  date,  the  hours  of  observat 
readings  of  the  two  ends  of  the  needle  and  their  mean.  In  iJ 
subsequent  years,  as  a  rule  one  reading  only  is  given  with  a  coi 
Also  some  explanation  is  given,  especially  in  p.  200  a,  of  how  the  cor 
were  arrived  at.  In  addition  to  the  actual  declination  observatior 
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'  are  for  each  year  the  calculations  from  which  the  several  mean  declinations 
were  derived. 

Six  pages  (unnumbered)  of  the  same  size  as  above,  and  two  slips 
summarise  the  mean  declinations  from  1782  to  1803.  The  pages  and  slips 
to  a  considerable  extent  are  duplicates  of  one  another. 

The  above  form  the  basis  of  the  tables  giving  declinations,  mean  values, 
I  ranges,  etc.  at  Hampstead  and  Clapham. 

A  separate  group  of  pages  of  similar  size  numbered  i  to  23,  having 
subject  "Effect  of  heat  on  magnets"  indicated  on  one  page.  The  results 
have  been  summarized. 

(2)  A  bundle  of  small  octavo  pages  about  6i"  x  4"  marked  "  Hori- 
zontal needle"  on  outside  page.  These  are  variously  paged  and  include 
dip  as  well  as  declination  observations.  The  first  part,  numbered  pp.  i  to  61, 
deals  with  declination  and  dip  observations  made  in  1773,  1774  and  1775. 
A  good  many  of  the  observations  are  experimental.  Others  compare 
different  magnets  or  aim  at  determining  errors  due  to  peculiarities  of 
instruments,  presence  of  magnetic  matter,  etc.  A  good  many  refer  to 
observations  made  at  the  Royal  Society  House,  or  with  the  Royal  Society 
needles.  The  obs»;rvational  data  referring  to  the  Royal  Society  House 
have  been  set  out  subsequently. 

(3)  There  follow  pages  numbered  i  to  6,  the  first  headed  "Trial  of 
dipping  needles  for  R.S.,"  and  five  unnumbered  leaves  with  a  scrap  of  paper 
relating  apparently  to  needles  by  Ramsden  and  Naime. 

Then  pages  numbered  i  to  4,  the  first  headed  "Sissons  dipping  needle." 

Then  four  leaves  describing  some  dipping  needle. 

Then  four  leaves  unnumbered  headed  "springing  of  needles'"  giving 
some  values  of  Young's  modulus.  These  have  been  made  use  of  in  what 
follows. 

Then  four  leaves,  two  blank,  headed  "Trial  of  long  bars  by  compass." 

Then  eleven  leaves,  some  blank,  numbered  i  to  15,  describing  results 
of  experiments  on  strength  of  variously  shaped  needles  which  are  subse- 
quently dealt  with. 

Then  a  series  of  pages  numbered  i  to  58  dealing  with  dip  observations. 
Some  of  the  observations  seem  experimental.  There  is  a  synopsis  of  the 
experiments  recorded  on  pp.  11 — 16,  but  their  object  is  not  explained. 
On  pp.  17.  iS,  19,  25,  26,  27,  28,  33,  36,  37,  38,  39,  40,  41,  42,  43  there 
are  results  of  dip  observations  taken  several  times  a  day  throughout  a 
number  of  months,  presumably  during  several  years  of  which  1775  was 
certainly  one  (cf.  p.  39).  [There  seems  no  attempt  to  deduce  from  them 
the  nature  of  the  diurnal  variation,  but  it  is  difficult  to  imagine  what  other 
purpose  Cavendish  can  have  had  in  view.  Presumably  when  he  started 
observing  the  probable  extent  of  the  diurnal  range  was  unknown  to  him 
V.  infra.]  Pp.  45 — 54  deal  with  dip  observations  made  in  August  1778  in 
London  and  various  places  in  England,  the  results  of  which  have  been 
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except  the  north  western  parts  of  Hudson  Bay,  where  I  belie^'e  it  Tci 
extremely  dif&cult  to  send  observers  as  ships  can  hardly  get  there  eariv^L 
in  the  summer  to  land  observers  there  before  the  transit,  and  it  would  bet 
practicable  for  observers  to  winter  there.  Besides  that,  if  it  was  practici: 
send  observers  there,  it  would  not  be  so  proper  a  place  as  Kamptschaika  i 
sun  is  much  lower  and  consequently  there  is  more  danger  of  its  bein|i 
clouds. 

(2)  On  Precession  of  the  Equinoxes. 

The  French  Academicians  by  the  mensuration  of  a  degree  detenoii 
difference  of  the  axes  to  be  yfg  of  the  whole,  but  it  has  been  demonstrate 
if  the  earth  be  supposed  to  consist  of  spheroidical  strata  and  is  of  tiw 
density  in  each  part  of  the  same  stratum,  however  different  in  difierent 
or  however  different  the  degree  of  ellipticity  of  those  strata,  that  tb 
difference  of  the  2  axes  divided  by  the  axis  +  the  difference  of  gravity 
equator  and  pole  divided  by  gravity  =  5  of  the  centrifugal  forte  at  the  e 
divided  by  gravity;  the  Academicians  have  also  determined  the  difien 
gravity  to  be  jji^,  whence  the  difference  of  the  axes  should  come  oc 
therefore,  as  the  difference  of  axes  as  observed  by  the  Academy  can  m 
place  without  assuming  some  very  improbable  hypothesis  of  the  density 
earth,  or  by  denying  the  theory  (which  seems  too  well  founded  to  be  ; 
by  this)  and  as  the  different  measures  of  degrees  agree  so  Uttle  with  one  ai 
as  well  as  because  the  irregularity  of  the  surtace  of  the  earth  (particul 
the  high  mountains  of  Peru)  may  cause  an  alteration  in  the  direction  of  g 
and  by  that  means  disturb  the  accuracy  of  the  experiment,  I  think  w 
fairly  reject  this  mensuration  and  assume  that  difference  of  axes  w^hich 
with  the  difference  of  gravity  or  ^{^;  this,  if  you  suppose  the  annual  pre* 
caused  by  the  sun  to  be  I5"'4,  answers  very  well,  but  if  you  suppose  i1 
12"  or  8"'7  it  may  be  reconciled  with  experiment  by  supposing  that  the  ■ 
of  eUipticity  of  the  spheroidical  strata  diminish  as  they  approach  nearer 
center.  Thus,  if  you  suppose  the  earth  to  consist  of  a  spherical  nucleus 
uniform  density  covered  with  a  spheroidical  shell  of  less  density,  and 
suppose  the  diameter  of  the  nucleus  to  be  |^  of  the  diameter  of  the  earl 
its  density  to  that  of  the  outer  shell  as  13  :  9,  the  difference  of  axes  of  the 
and  difference  of  gravity  ought  to  be  the  same  as  I  have  here  supposed  ai 
precession  caused  by  the  sun  would  be  12"  or  the  mean  quantity,  but  I 
no  way  of  accounting  for  a  precession  S"-7  unless  you  suppose  the  dens 
the  earth  at  first  to  increase  and  then  diminish  again  as  you  approach  to 
the  center;  if  you  will  grant  this,  you  may  account  both  for  the  differei 
axes  and  precession  by  supposing  the  earth  to  consist  of  an  hollow  sphere  ' 
outer  diameter  is  ^  and  inner  diameter  ^  of  that  of  the  earth  and  filled 
a  matter  of  less  density  and  covered  with  a  spheroidical  shell  and  tha 
density  of  the  outer  shell  hollow  sphere  and  inclosed  matter  are  to  each 
in  the  proportion  of  i,  6  and  ■^. 
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^?'         {3)    On  the  diminution  of  the  diurnal  motion  of  the  earth 
''^  *  in  consequence  of  the  tides. 

K  j[  If  there  was  no  loss  of  force  by  friction  the  sum  of  the  vis  viva  of  the  J 
ma^  ^*^  *''"^'*  round  ®,  the  rotatory  vis-viva  of  ©  considered  as  one  Mass  {or  the 
ir  visible)  and  the  vis  viva  of  the  Water  in  respect  of  ©  (or  the  invisible  vis  viva) 
I  should  remain  unaltered  except  by  the  attracting  parts  approaching  nearer. 
%  But  if  the  invisible  vis  viva  is  diminished  by  friction,  and  the  loss  is  continually 
L -supplied  by  the  attract.  J  then  the  sum  of  the  vis  viva  of  })  and  of  the  visible 
P  vis  viva  of  ©  must  be  as  much  diminished  as  to  compensate  that.   But  the  only 

way  by  which  the  loss  of  invisible  vis  viva  can  be  compensated  is  by  the  water 
'  being  at  a  medium  raised  higher  on  that  side  of  ®  which  has  left  3)  than  on  the 
""  other,  and  this  will  diminish  the  visible  vis  viva  of  ®  and  increase  that  of  J, 
^'  and  the  increase  of  ins  viva  of  J  is  to  the  diminution  of  visible  vis  viva  of  ffi 
'■  directly  as  their  angular  velocities,  or  as  i  :  13,  and  conseq.  the  diminution  of 
''  visible  VIS  vivu  of  ©  is  to  the  diminution  of  the  invisible  vis  viva  by  friction 
^    as  13  to  12,  and  therefore  may  be  considered  as  equal.    It  must  be  observed, 

however,  that  this  increase  of  vis  viva  of  J  will  increase  its  distance  from  ®, 

and  therefore  will  actually  diminish  its  vis  viva,  but  this  does  not  affect  the 

justness  of  the  foregoing  conclusion. 

(4)    To  find  the  bending  of  a  ray  of  light  which  passes  near  the 
surface  of  any  body  by  the  attraction  of  that  body. 

Let  s  be  the  centre  of  body  and  a  a  point  of  surface.   Let  the  velocity  of 
body  revolving  in  a  circle  at  a  distance  as  from  the  body  be  to  the  velocity 

of  hght  as  I  :  u,  then  will  the  sine  of  half  bending  of  the  ray  be  equal  to  .  ■ 

[This  deflection  is  half  the  amount  given  by  Einstein's  law  of  gravitation.] 
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CAVENDISH'S  MAGNETIC  WORK 

vjAVENDISh's  interest  in  Magnetism,  and  especiaJIy  Terrestrial  1L 
netisni,  would  appear  to  have  originated  through  his  associaticHi,  as . 
investigator,  with  his  father.  Lord  Charles  Cavendish  possessed  inst 
ments  for  observing  magnetic  decHnation  and  dip  and  seems  to  Is 
occupied  himself  in  making  systematic  observations  in  the  garden  oi 
house  at  Great  Marlborough  Street  in  which  he  was  assisted  by  his  s 
It  was  probably  at  their  instigation  that  the  Royal  Scxiety  indu 
measurements  of  these  elements  in  the  scheme  of  meteorological  obsn 
lions  which  they  instituted  at  their  house  in  Crane  Court,  on  wl 
Cavendish,  by  desire  of  the  Society,  reported  in  1766  (see  p.  112). 

The  Chatsworth  Manuscripts  contain  a  considerable  number  of  pa| 
by  Cavendish  on  Magnetism  and  related  subjects.  These  have  been  1 
carefully  examined  by  Dr  Charles  Chree,  F.R.S.,  the  Superintenden 
the  Kew  Observatory,  who  writes  as  follows  concerning  them. 

ON  THE  CAVENDISH  MSS.  RELATING  TO  MAGNETISM  ANI 
ASSOCIATED  SUBJECTS 

By  Charles  Chree,  Sc.D.,  LL.D.,  F.R.S., 

Superintendent  of  the  Kew  Observatory, 

The  Cavendish  MSS.  relating  to  magnetism  consist  of  (i)  a  bundj 
small  octavo  pages  about  61"  x  4",  usually  two  leaves,  sometimes 
one.  Two  leaves  are  usually  paged  as  four  pages.  The  pages  nm  \ 
2  to  256,  but  numbers  167,  168,  209,  210,  223,  224,  225,  240,  241, 
243,  254,  255  and  256  each  include  two  pages.  There  is  an  additii 
leaf  200  A,  numbered  on  one  side  only.  These  all  relate  to  dechna 
observations.  The  observations  on  pp.  2 — 10  seem  experimental, 
year  to  which  they  refer  is  not  given.  On  pp.  2,  3,  4  there  are  no  da 
only  the  days  of  the  week.  On  pp.  5 — 10  there  are  dates  ranging  ft 
July  3  to  December  30,  but  no  year.  Pp.  11, 12, 13  relating  to  observati 
in  May  and  June  1782  seem  similarly  preliminary.  The  observati 
recorded  on  pp.  14  ri  seq.  are  mostly  systematic  and  cover  declinal 
observations  taken  at  Hampstead  and  Clapham  between  1782  and  xi. 
The  usual  particulars  given  are  the  date,  the  hours  of  observation, 
readings  of  the  two  ends  of  the  needle  and  their  mean.  In  1805  < 
subsequent  years,  as  a  rule  one  reading  only  is  given  with  a  correct! 
Also  some  explanation  is  given,  especially  in  p.  200  a,  of  how  the  correcti 
were  arrived  at.  In  addition  to  the  actual  declination  observations,  th 
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are  for  each  year  the  calculations  from  which  the  several  mean  declinations 
■were  derived. 

Six  pages  (unnumbered)  of  the  same  size  as  above,  and  two  slips 
summarise  the  mean  declinations  from  1782  to  1803.  The  pages  and  slips 
to  a  considerable  extent  are  duplicates  of  one  another. 

The  above  form  the  basis  of  the  tables  giving  declinations,  mean  values, 
ranges,  etc.  at  Hampstead  and  Ctapham. 

A  separate  group  of  pages  of  similar  size  numbered  i  to  23,  having 
subject  "Effect  of  heat  on  magnets"  indicated  on  one  page.  The  results 
have  been  summarized. 

(2)  A  bundle  of  small  octavo  pages  about  6J"  x  4"  marked  "Hori- 
zontal needle"  on  outside  page.  These  are  variously  paged  and  include 
dip  as  well  as  declination  observations.  The  first  part,  numbered  pp.  i  to6i, 
deals  with  declination  and  dip  observations  made  in  1773,  1774  and  1775. 
A  good  many  of  the  observations  are  experimental.  Others  compare 
different  magnets  or  aim  at  determining  errors  due  fo  peculiarities  of 
instruments,  presence  of  magnetic  matter,  etc.  A  good  many  refer  to 
observations  made  at  the  Koyal  Society  House,  or  with  the  Royal  Society 
needles.  The  observational  data  referring  to  the  Royal  Society  House 
have  been  set  out  subsequently. 

(3)  There  follow  pages  numbered  i  to  6,  the  first  headed  "Trial  of 
dipping  needles  for  R.S.,"  and  five  unnumbered  leaves  with  a  scrap  of  paper 
relating  apparently  to  needles  by  Ramsden  and  Naime. 

Then  pages  numbered  i  to  4,  the  first  headed  "Sissons  dipping  needle." 

Then  four  leaves  describing  some  dipping  needle. 

Then  four  leaves  unnumbered  headed  "springing  of  needles"  giving 
some  values  of  Young's  modulus.  These  have  been  made  use  of  in  what 
follows. 

Then  four  leaves,  two  blank,  headed  "Trial  of  long  bars  by  compass." 

Then  eleven  leaves,  some  blank,  numbered  1  to  15,  describing  results 
of  experiments  on  strength  of  variously  shaped  needles  which  are  subse- 
quently dealt  with. 

Then  a  series  of  pages  numbered  i  to  58  dealing  with  dip  observations. 
Some  of  the  observations  seem  experimental.  There  is  a  synopsis  of  the 
experiments  recorded  on  pp.  11 — 16.  but  their  object  is  not  explained. 
On  pp.  17.  18,  19,  25,  26,  27,  28,  33,  36,  37,  38,  39,  40,  41,  42,  43  there 
are  results  of  dip  observations  tsiken  several  rimes  a  day  throughout  a 
number  of  months,  presumably  during  several  years  of  which  1775  was 
certainly  one  (cf.  p.  39).  [There  seems  no  attempt  to  deduce  from  them 
the  nature  of  the  diurnal  variation,  but  it  is  difficult  to  imagine  what  other 
purpose  Cavendish  can  have  had  in  view.  Presumably  when  he  started 
observing  the  probable  axtent  of  the  diurnal  range  was  unknown  to  him 
V.  infra.l  Pp.  45 — ^54  deal  with  dip  observations  made  in  August  1778  in 
London  and  various  places  in  England,  the  results  of  which  have  been 
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reproduced.  Pp.  55 — 58  deal  with  dip  observations  made  in  17 
have  also  been  utilised.  In  the  same  bundle  are  two  sheets  with  d 
obtained  with  Naime's  needle  inside  a  house,  and  also  with  its  ; 
of  the  magnetic  meridian.  There  follow  eight  pages,  some  of  tht 
giving  some  declination  results.  The  place  of  observation  is  nc 
One  page  containing  a  summary  of  results  for  1788,  1789,  1790 
"Gilpin's  observing  needle."  The  declinations  it  gives  are  ful 
excess  of  those  obtained  in  the  s<ime  years  at  Clapham.  A  seco 
data  for  1789  give  lower  values  for  the  declination  than  those  at ' 
At  the  end  of  the  packet  are  a  few  pages  having  apparently  w 
do  with  magnetism.  One  contains  some  information  as  to  radii  of 
a  second  refers  to  an  elasticity  experiment  in  which  a  modulus  of 
was  derived  for  crown  glass;  a  third  refers  to  some  astronomica 
tion. 

There  are  finally  a  bundle  of  miscellaneous  papers   witli 
various  sizes.  These  comprise:  a  paper,  paged  i  to  13,  entitled  ' 
of  tapering  needle  by  its  weight."  This  includes  the  mathematica 
of  the  problem  and  some  numerical  results  which  are  referred 
quently. 

A  MS.  of  two  sheets  containing  declination  results  obtainec 
Street  and  Pall  Mall  between  1759  and  1775  {v.  infra). 

Three  sheets  dealing  with  declination  and  dip  results  obtaine< 
and  July  1776  and  1778  at  the  Royal  Society's  House  {see  p.  465 
One  sheet  dealing  apparently  with  error  in  (Koyal  Society?) 
in  :777. 

One  sheet  and  small  scrap  of  paper  dealing  with  error  o: 
Society's?)  compass  in  1779  and  1780. 

A  sheet  giving  some  declinati«m  results  in  Pall  Mall  in  May  17 
A  sheet  giving  results  of  hourly  declination  observations  w 
Gilpin's  observing  needle"  in  June  1788  (see  p.  472  et  seq.). 

A  sheet  summarising  declination  results  in  Pall  Mall  from  1782 
A  sheet  containing  apparently  the  results  of  half  hourly  obsc 
of  declination  from  6  a.m.  to  7  p.m.  on  Oct.  24th  (?)  of  an  un 
year,  at  an  unspecified  place.  The  range  shown  is  12'. 

A  sheet  giving  s«ne  comparative  declination  results  for  Clapl 
Pall  Mall,  and  some  yearly  means  at  Hampstead  and  Clapham. 

A  sheet  giving  "Variation  at  Royal  Society"  in  June,  J 
September  1802  and  1803. 

Two  sheets  {six  pages)  describing  some  experiments  with  < 
suspensions  in  a  declination  needle,  referring  apparently  to  el 
moisture. 

Eight  pages  (three  blank)  apparently  notes  from  some  v 
Terrestrial  Magnetism,  including  dip  results  obtained  at  a  nut 
places  in  England  in  1720. 
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Sheet  referring  to  old  declination  observations,  copied  apparently  from 
Gellibrand's  work  on  Magnetism. 

Sheet  containing  some  unexplained  data  headed  1774  and  1775. 

Large  sheet   folded  in  four  dealing  with  some  unexplained   experi- 
ments apparently  with  dip  needles  near  a  disturbing  magnet  in  1778  and 
1779- 
Sheet  folded  in  two  giving  results  of  deflection  experiments  made  in 
1776  with  a  poker  and  the  cast  iron  "cheeks"  of  a  stove. 

Sheet  folded  in  two  giving  results  of  deflection  experiments  made  in 
1776  with  an  iron  and  a  steel  bar  supphcd  by  Elwell. 

Three  large  sheets  folded  in  four  dealing  with  deflection  experiments 
made  with  blistered  steel,  cast  iron  and  forged  iron  bars  supplied  by 
Elwell  (see  p.  444}. 

Sheet  with  some  unexplained  diagrams  of  parallelograms  having 
apparently  something  to  do  with  prosjjects  obstructed  and  not  obstructed 
by  trees  at  some  unspecified  place. 

One  sheet  folded  in  two,  one  side  being  the  solution  of  a  problem  in 
spherical  trigonometry,  the  other  side  inscribed  "Computation  how  great 
the  dip  must  be  that  the  error  caused  by  moving  needle  a  given  distance 
from  magnet(ic)  meridian  shall  be  a  maximum  and  how  great  the  error 
is  in  that  case." 

Ten  large  and  ten  small  pages  (some  blank)  giving  calculations  in 
spherical  trigonometry.  One  page  is  inscribed  "Examination  whether 
direction  of  horizontal  needle  (i.e.  declination  needle)  is  in  the  small  circle 
passing  through  the  two  points  of  surface  in  which  dip  =  90°,  the  two 
magnetic  poles  being  supposed  to  be  at  a  great  and  equal  depth  below 
surface  and  the  distance  of  the  two  above  mentioned  points  being  near 
iSo"." 

MS.  eight  large  pages  inscribed  "The  method  of  balancing  the  needle 
after  it  is  made  magnetical."  This  refers  to  dip  needles  furnished  with 
balancing  screws. 

MS.  paged  I  to  5  inscribed  "To  find  the  true  dip  from  observations 
made  in  the  four  different  ways  when  the  difference  between  those  ways 
is  considerable."  This  refers  to  the  case  when  there  are  considerable 
differences  between  the  dips  obtained  with  the  circle  facing  east  and  west 
and  with  the  two  ends  dipping. 

Four  pages,  three  blank,  inscribed  "On  the  different  forms  of  con- 
structing a  dipping  needle,"  refers  to  cases  where  the  axle  rolls  on  hori- 
zontal planes  and  on  friction  wheels. 

Four  pages  deaUng  with  effect  of  ship's  iron  on  compass  (see  p.  463). 

MS.  paged  i  to  26,  and  sheet  with  two  figures,  inscribed  "On  the 

different  construction  of  dipping  needles."  This  deals  with  various  sources 

of  error  including  some  numerical  results  for  bending  of  different  shaped 

needles  {see  p.  453). 
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A  single  sheet,  folded  in  two,  inscribed  "For  Captain  Picken-s 

A  MS,  paged  i  to  7  inscribed  "For  Cook  and  Bayley." 

A  MS,  paged  i  to  17  inscribed  "Directions  for  using  the  dipping 

for  Dalrymple." 

These  three  MSS.  contain  instructions  to  travellers  and  are  de: 

subsequently  (see  p.  462). 

Three  scraps  of  paper  unintelligible  by  themselves. 

The  substance  of  these  papers  may  be  conveniently  arran^ 

dealt  with  as  follows: 

§  I,    Introduction. 

§2.    Experiments  on  "fixed"  (pemianent)  and  "moveable"  (ten 

magnetism. 
§  3.    Effect  of  Heat  on  Magnets. 
§  4.    Strengths  of  Magnets  of  various  cross-sections. 
§  5.    "Springing"  (Elastic  Bending)  of  Needles. 
§  6.    Errors  in  Observed  Dip  due  to  bending  of  Dip  Needles. 
§  7.    Sources  of  error  in  E>ip  Observations. 
§  8.    Instructions  to  Observers  and  General  Notes. 
§  9.   Dip  Observations, 
g  10,    Diurnal  Variation  of  Dip, 
§  II.    Declination  Observations. 
§  12.    Secular  Change  of  DccUnation. 
§  13,    Diurnal  Variation  of  Declination, 
g  14.    Disturbed  Days. 

Introduction 
§  I.    To  facilitate  the  comprehension  of  the  experimental  w 
magnets  which  Cavendish  e.\ccutcd,  it  is  desirable 
to  consider  first  how  he  measured  the  strength  of       O 
magnets,  ;  J"_~-~ 

Suppose  A  and  B  to  represent  the  poles  of  a 
magnet  in  a  vertical  position,  and  P  a  point  at  a 
horizontal  distance  PO  =  d  from  the  vertical  line 
BA.  Let  +  i>,  and  —  ;*  represent  the  equal  strengths 
of  the  two  poles.  Let  /  denote  the  length  AS,  and 
let  1^1  and  ^,  denote  the  angles  APO  and  BPO.  If 
m  =  /x/  be  the  magnetic  moment  of  the  magnet,  it 
is  easily  proved  that  the  horizontal  component  F 
of  the  resultant  magnetic  force  at  P  is  directed 
along  OP  and  is  given  by 

F  =  {mild*)  (cos"  01  -  COS*  0J  . 


Fig.  I. 
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which  the  magnets  stood  was  25  inches) ;  in  the  others  (i.e.  in  the  later  ejqieri- 
ments)  it  was  placed. . .  .17-8  (inches)  from  the  wall. 

The  three  No.  2  bars  represented.  like  the  No.  i  bars,  blistered  steel 
hammered,  cast  iron  and  forged  iron.  Apparently  these  bars  were  not 
stroked,  as  the  No.  i  bars  were,  but  had  acquired  a  small  amount  of 
permanent  magnetism  before  the  readings  commenced,  presumably  simply 
from  continued  exposure  in  one  position  to  the  earth's  vertical  field.  The 
observations  on  them  commenced  on  May  30,  1776.  On  May  31  after 
readings  had  been  taken  witli  the  compass  25  inches  from  the  wall,  they 
were  repeated  with  the  distance  reduced  to  17-8  inches,  and  all  the 
subsequent  readings  were  taken  at  this  reduced  distance.  As  to  the 
subsequent  treatment  of  the  bars,  Cavendish  writes  of  the  blistered  steel 
No.  2  bar  that  after  the  readings  taken  on  June  10,  1777,  it  was  "struck 
100  times  on  anvil,  falling  i'6  inches  by  its  weight.  This  was  repeated 
thrice,  giving  300  blows  in  all."  After  the  reading  on  June  11,  100  blows 
were  repeated  twice.  Then  loo  blows  were  rejjeated  each  day  until 
June  26.  It  was  then  "struck  almost  every  day"  until  July  12,  "struck 
several  times"  between  July  12  and  August  21.  and  finally  "stnick 

Table  II.    "Fixed"  and  "moveable"  magnetism. 


Blistered  Steel 

Forced  Iron. 

(hammered).  No.  z 

Cast  Iron.  No.  i 

No 

2 

Date 

A-B 

A 

+  fl 

A-B 

A*B 

A-B 

A^B 

1776 

.     ' 

May 

30 

I     3 

5 

3 

I   30 

3  44 

0  45 

10  15 

31 

0  52 

5 

2 

I  35 

3  41 

0  18 

10   12 

31 

2  20 

II 

0 

3  15 

815 

I     4 

22   10 

June 

2 

2  25 

II 

15 

3  12 

S  18 

I  29 

22  43 

19 

4  10 

II 

20 

3  24 

830 

1  25 

22  23 

25" 

3  57 

II 

13 

3  24 

8  20 

I  40 

22  34 

J»iy 

28 

438 

II 

18 

3  33 

837 

I      2 

22  58 

August 

10 

438 

II 

18 

3  35 

8  29 

I   30 

22  50 

Octobe 

10 

5  35 

II 

15 

3  40 

834 

2      0 

23     6 

29 

5     2 

10 

56 

3  37 

8  23 

1  47 

22  37 

1777 

June 

8 

653 

10 

47 

4    5 

813 

I  57 

22  37 

10 

6  52 

10 

52 

— 

— 

— 

— 

II 

— 

- 

4  14 

8  30 

I  51 

22     5 

„ 

11 

8    4 

II 

10 

— 

— 

— 

— 

12 

— 

- 

4  32 

8   22 

9  57 

23  49 

z6 

835 

II 

5 

4  44 

8  30 

10  37 

23  59 

J^y 

12 

8  38 

10 

58 

4  49 

823 

10  50 

23  38 

August 

21 

8  50 

11 

4 

4  43 

8  .7 

10  52 

23  32 

Octoljer  I 

9  22 

11 

2 

5     2 

832 

II  30 

22  54 

4 
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sometimes"  between  August  21  and  October  i.  The  cast  iron  No.  2  bar 
was  struck  250  times  on  June  11,  1777,  and  100  times  on  June  12  before 
the  readings  taken  on  that  day.  The  forged  iron  No.  2  bar  was  struck 
300  times  on  June  11,  and  200  times  on  June  12  before  the  reading  was 
taken.  Apparently  after  July  12  the  cast  iron  and  forged  iron  bars  were 
treated  identically  with  the  blistered  steel  bar.  The  results  of  the  observa- 
tions appear  in  Table  II,  the  significance  oi  A  —B  and  A  ■\-  B  being  the 
same  as  in  Table  I. 

The  first  of  the  horizontal  lines  in  the  table  marks  the  reduction  in 
the  distance  between  the  magnet  and  the  compass.  Only  the  readings 
above  this  line  are  immediately  comparable  with  those  in  Table  I.  The 
second  horizontal  line  marks  the  introduction  of  the  experiments  intended 
to  show  the  effect  of  mechanical  agitation  on  the  magnetic  moment. 

Comparing  the  values  of  ^  -f  B,  i.e.  the  temporary  magnetic  moments, 
observed  on  May  30  and  31,  1776  before  the  reduction  of  distance,  with 
those  given  for  the  corresponding  No.  i  bars  in  Table  I,  we  see  that  the 
differences  are  small.  This  means  that  the  presence  or  absence  of  a  large 
permanent  magnetic  moment  makes  little  difference  to  the  temporary 
magnetic  moment. 

The  reduction  effected  on  May  31,  1776,  in  the  distance  of  the  compass 
needle  was  doubtless  intended  to  secure  greater  sensitiveness,  the  per- 
manent magnetic  moments  being  so  small.  Between  May  31,  1776  and 
June  II,  1777  any  change  in  the  permanent  moments  must  be  regarded 
as  arising  from  simple  exposure  to  the  earth's  vertical  field,  acting  steadily 
in  the  direction  to  increase  the  magnetism.  The  bars  all  show  some 
increase  of  moment,  but  it  is  decidedly  larger  in  the  blistered  steel  bar 
than  in  the  others.  All  this  time,  it  will  be  observed,  the  temporary 
magnetic  moment  remained  the  same,  or  very  nearly  so,  just  as  in  the 
case  of  the  No.  i  bars  in  Table  I. 

The  introduction  of  mechanical  agitation  of  the  bars  on  June  11,  1777, 
produced  at  once  a  remarkable  increase  in  the  permanent  magnetism  of 
the  forged  iron  bar.  It  had  also  a  considerable  effect  on  the  blistered 
steel  bar,  but  not  much  on  the  cast  iron  bar.  The  successive  applications 
of  the  treatment  tended  apparently  to  further  increase  the  permanent 
moment,  but  only  to  a  comparatively  minor  extent.  There  is  nothing  to 
suggest  that  the  mechanical  agitation  had  any  effect  on  the  induction 
coefficient  for  temporary  magnetism  of  the  bUstered  steel  or  cast  iron 
bars,  but  there  is  at  least  a  suspicion  of  an  increased  induction  coefficient 
in  the  forged  iron  bar. 

If  we  take  the  formula  (i)  and  simplify  it  by  assuming  the  poles  at 
the  ends  of  the  magnets — the  distance  being  probably  about  ^  of  the 
magnet's  length — we  find  that  increasing  the  distance  d  from  17*8  to 
25  inches  would  reduce  the  force  F  to  about  0-43  of  its  value  at  the  shorter 
distance.  If  we  compare  the  sum  of  the  A  -\-  B  deflection  angles  on  May  31 
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before  and  after  the  increase  of  distance  we  obtain  a  ratio  of  0-46.  We 
shall  thus  certainly  not  be  far  wrong  if  we  regard  the  angles  observed  on 
October  I,  1777,  in  Table  II  when  multiplied  by  0-45  as  fairly  comparable 
with  the  corresponding  angles  in  Table  I.  We  thus  infer  that  mechanical 
agitation  alone  sufficed  in  the  case  of  the  forged  iron  to  secure  a  permanent 
magnetic  moment  about  a  quarter  the  size  of  that  obtained  by  stroking 
in  the  usual  way.  This  agrees  with  the  conclusions  we  should  derive  if  we 
assumed  the  temporary  magnetic  moments  equal  in  the  bars  Nos.  i  and  2. 

.         Effect  of  Heat  on  Magnets 

§  3.  A  small  packet  of  papers  entitled  "Effect  of  heat  on  magnets" 
deals  with  experiments  on  the  effects  produced  by  immersing  magnets  in 
water  at  about  115°  F.,  the  previous  temperature  being  that  of  the  air, 
about  65"  F.  usually.  The  experiments  were  made  in  July,  but  the  year 
is  not  stated. 

The  effects  of  a  sudden  rise  of  temperatm'e  on  a  magne:t  or  on  an 
unmagnctiscd  bar  of  iron  or  steel  are  somewhat  complex.  There  is  first 
of  all  a  shock  effect,  apparently  similar  to  that  caused  by  mechanical 
agitation.  If  an  ordinary  magnet,  especially  one  recently  magnetised,  has 
a  sudden  rise  of  temperature,  such  as  occurred  in  Cavendish's  experiments 
where  the  bar  was  lowered  into  a  glass  of  hot  water,  an  immediate  loss  of 
magnetic  moment  occurs.  The  loss  may  not  be  altogether  permanent, 
i.e.  if  the  magnet  is  kept  for  some  days  after  the  incident  at  its  original 
temperature,  a  partial  recovery  of  moment  may  take  place.  But  a  con- 
siderable part  at  least  of  the  loss  seems  to  be  permanent.  If  the  experi- 
ment be  repeated  a  second  time,  there  is  usually  still  further  loss,  but  the 
loss  is  less.  After  some  repetitions  there  is  at  least  an  approach  to  a  cyclic 
state  of  matters,  in  which  the  lower  magnetic  moment  is  associated  with 
the  higher  temperature.  The  cyclic  change,  which  alone  represents  the 
effect  of  a  true  temperature  coefficient,  is  usually  small,  and  unless  there 
are  a  very  large  number  of  observations  accidental  changes  in  the  earth's 
field  affecting  the  readings  of  the  auxihary  compass  may  introduce  an 
undesirably  large  element  of  uncertainty,  which  can  be  eliminated  only 
when  magnetograph  records  are  available.  This  will  I  hope  explain  why 
only  a  short  summary  of  the  results  is  given. 

The  experiments  were  confined  to  three  bars.  One  of  these.  No.  4, 
had  apparently  been  magnetised  for  some  time.  It  was  10  inches  long; 
its  other  dimensions  are  not  recorded.  Its  marked  end  was  a  north  pole. 
The  observations  were  made  exactly  in  the  same  way  as  in  the  case  of  the 
experiments  summarised  in  Tables  I  and  II.  The  double  deflection  angle, 
i.e.  the  algebraic  difference  of  the  readings  of  the  auxiliary  compass  when 
level  first  with  the  one  then  with  the  other  of  the  two  poles  of  No.  4,  is 
recorded  in  all  cases,  the  marked  end  of  No.  4  being  sometimes  up  some- 
times down.   The  differences  between  the  results  with  mark  up  and  down 
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reproduced.  Pp.  55 — 58  deal  with  dip  observations  made  in  1791  which 
have  also  been  utilised.  In  the  same  bundle  are  two  sheets  with  dip  results 
obtained  with  Naime's  needle  inside  a  house,  and  also  with  its  plane  out 
of  the  magnetic  meridian.  There  follow  eight  pages,  some  of  them  blank, 
giving  some  declination  results.  The  place  of  observation  is  not  stated. 
One  page  containing  a  smnmary  of  results  for  1788,  1789,  1790  is  headed 
"Gilpin's  observing  needle."  The  declinations  it  gives  are  fully  10'  in 
excess  of  those  obtained  in  the  same  years  at  Clapham.  A  second  set  of 
data  for  1789  give  lower  values  for  the  declination  than  those  at  Clapham. 
At  the  end  of  the  packet  are  a  few  pages  having  apparently  nothing  to 
do  with  magnetism.  One  contains  some  information  as  to  radu  of  gyration ; 
a  second  refers  to  an  elasticity  experiment  in  which  a  modulus  of  elasticity 
was  derived  for  crown  glass;  a  third  refers  to  some  astronomical  calcula- 
tion. 

There  are  finally  a  bundle  of  miscellaneous  papers  with  sheets  of 
various  sizes.  These  comprise:  a  paper,  paged  i  to  13,  entitled  "Bending 
of  tapering  needle  by  its  weight."  This  includes  the  mathematical  solution 
of  the  problem  and  some  numerical  results  which  are  referred  to  subse- 
quently. 

A  MS.  of  two  sheets  containing  declination  results  obtained  in  Cecil 
Street  and  Pall  Mall  between  1759  and  1775  (r.  infra). 

Three  sheets  dealing  wth  declination  and  dip  results  obtained  in  June 
and  July  1776  and  1778  at  the  Royal  Society's  House  (see  p.  465  et  seq.). 

One  sheet  dealing  apparently  with  error  in  (Royal  Society?)  compass 
in  1777. 

One  sheet  and  small  scrap  of  paper  dealing  with  error  of  (Royal 
Society's?)  compass  in  1779  and  1780. 

A  sheet  giving  some  declination  results  in  Pall  Mall  in  May  1787. 

A  sheet  giving  results  of  hourly  declination  observations  with  "Mr 
Gilpin's  observing  needle"  in  June  1788  (see  p.  472  et  seq.). 

A  sheet  sunmiarising  declination  results  in  Pall  Mall  from  1782  to  179 1. 

A  sheet  containing  apparently  the  results  of  half  hourly  observations 
of  declination  from  6  a.m.  to  7  p.m.  on  Oct.  24th  (?)  of  an  unspecified 
year,  at  an  unspecified  place.  The  range  shown  is  12'. 

A  sheet  giving  some  comparative  declination  results  for  Clapham  and 
Pall  Mall,  and  some  yearly  means  at  Hampstead  and  Clapham. 

A  sheet  giving  "Variation  at  Royal  Society"  in  June,  July  and 
September  1802  and  1803. 

Two  sheets  (six  pages)  describing  some  experiments  with  different 
suspensions  in  a  declination  needle,  referring  apparently  to  effects  of 
moistiu'e. 

Eight  pages  (three  blank)  apparently  notes  from  some  work  on 
Terrestrial  Magnetism,  including  dip  results  obtained  at  a  number  of 
places  in  England  in  1720. 
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Sheet  referring  to  old  decimation  observations,  copied  apparently  from 
Gellibrand's  work  on  Magnetism. 

Sheet  containing  some  miexplained  data  headed  1774  and  1775. 

Large  sheet  folded  in  four  dealing  with  some  unexplained  experi- 
ments apparently  with  dip  needles  near  a  disturbing  magnet  in  17/3  and 
1779- 
Sheet  folded  in  two  giving  results  of  deflection  experiments  made  in 
1776  with  a  poker  and  the  cast  iron  "cheeks"  of  a  stove. 

Sheet  folded  in  two  giving  results  of  deflection  experiments  made  in 
1776  with  an  iron  and  a  steel  bar  supplied  by  Elwell. 

Three  large  sheets  folded  in  four  dealing  with  deflection  experiments 
made  with  blistered  steel,  cast  iron  and  forged  iron  bars  supplied  by 
Elwell  (see  p.  444). 

Sheet  with  some  unexplained  dia^ams  of  parallelograms  having 
apparently  something  to  do  with  prospects  obstructed  and  not  obstructed 
by  trees  at  some  unspecified  place. 

One  sheet  folded  in  two,  one  side  being  the  solution  of  a  problem  in 
spherical  trigonometry,  the  other  side  inscribed  "Computation  how  great 
the  dip  must  be  that  the  error  caused  by  moving  needle  a  given  distance 
from  magnet(ic)  meridian  shall  be  a  maximum  and  how  great  the  error 
is  in  that  case." 

Ten  large  and  ten  small  pages  {some  blank)  giving  calculations  in 
spherical  trigonometry.  One  page  is  inscribed  "Examination  whether 
direction  of  horizontal  needle  (i.e.  declination  needle)  is  in  the  small  circle 
passing  through  the  two  points  of  surface  in  which  dip  =  90°,  the  two 
magnetic  poles  being  supposed  to  be  at  a  great  and  equal  depth  below 
surface  and  the  distance  of  the  two  above  mentioned  points  being  near 
180°." 

MS.  eight  large  pages  inscribed  "The  method  of  balancing  the  needle 
after  it  is  made  magnetical."  This  refers  to  dip  needles  furnished  with 
balancing  screws. 

MS.  paged  i  to  5  inscribed  "To  find  the  true  dip  from  observations 
made  in  the  four  different  ways  when  the  difference  between  those  ways 
is  considerable."  This  refers  to  the  case  when  there  are  considerable 
differences  between  the  dips  obtained  with  the  circle  facing  east  and  west 
and  with  the  two  ends  dipping. 

Four  pages,  three  blank,  inscribed  "On  the  different  forms  of  con- 
structing a  dipping  needle,"  refers  to  cases  where  the  axle  rolls  on  hori- 
zontal planes  and  on  friction  wheels. 

Four  pages  dealing  with  effect  of  ship's  iron  on  compass  {sec  p.  463). 

MS.  paged  i  to  26,  and  sheet  with  two  figures,  inscribed  "On  the 
different  construction  of  dipping  needles."  This  deals  with  various  sources 
of  error  including  some  numerical  results  for  bending  of  different  shaped 
needles  (see  p.  453). 


44^  Unpublished  Papers 

A  single  sheet,  folded  in  two,  inscribed  "For  Captain  Pickersgill." 

A  MS.  paged  i  to  7  inscribed  "For  Cook  and  Bayley." 

A  MS.  paged  i  to  17  inscribed  "Directions  for  using  the  dipping  needle 
for  Dalrymple." 

These  three  MSS.  contain  instructions  to  travellers  and  are  dealt  with 
subsequently  (see  p.  462). 

Three  scraps  of  paper  unintelligible  by  themselves. 

The  substance  of  these  papers  may  be  conveniently  arranged  and 
dealt  with  as  follows: 

§  I.    Introduction. 

§2.    Experiments  on  "fixed"  (permanent)  and  "moveable"  (temporary) 
magnetism. 

§  3.  Effect  of  Heat  on  Magnets. 

§  4.  Strengths  of  Magnets  of  various  cross-sections. 

§  5.  "Springing"  (Elastic  Bending)  of  Needles. 

§  6.  Errors  in  Observed  Dip  due  to  bending  of  Dip  Needles. 

§  7.  Sources  of  error  in  Dip  Observations. 

§  8.  Instructions  to  Observers  and  General  Notes. 

§  9.  Dip  Observations. 

§  10.  Diurnal  Variation  of  Dip. 

§  II.  Declination  Observations. 

§  12.  Secular  Change  of  Declination. 

§  13.  Diurnal  Variation  of  Declination. 

§  14.  Disturbed  Da)^. 

Introduction 

§  I.    To  faciUtate  the  comprehension  of  the  experimental  work  on 
magnets  which  Cavendish  executed,  it  is  desirable 
to  consider  first  how  he  measured  the  strength  of       O  P 

magnets.  ;  ^-'"""^ 

Suppose  A  and  B  to  represent  the  poles  of  a     Ar^'"  / 

magnet  in  a  vertical  position,  and  P  a  point  at  a 
horizontal  distance  PO  =  d  from  the  vertical  line 
BA.  Let  H-  fi  and  —  fi  represent  the  equal  strengths 
of  the  two  poles.  Let  /  denote  the  length  AB,  and 
let  01  and  ^2  denote  the  angles  APO  and  BPO,  If 
m  =  fi/  be  the  magnetic  moment  of  the  magnet,  it 
is  easily  proved  that  the  horizontal  component  F 
of  the  resultant  magnetic  force  at  P  is  directed  ^  p. 
along  OP  and  is  given  by 

F  =  (w/W«)  (cos»0i  -  cos»0,) (i). 
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Suppose  now  that  a  small  compass  needle  JVS,  capable  of  motion  only 
in  a  horizontal  plane,  has  its  centre  at 
the  point  P.  and  tliat  Fig.  2  represents 
this  needle  as  deilected  out  of  the  mag- 
netic meridian  MM' .  We  may  suppose 
the  needle  so  short  compared  with  the 
horizontal  distance  d  of  its  centre  from 
the  deflecting  magnet  that  the  magnetic 
force  may  be  regarded  as  the  same  at 
the  positions  occupied  by  the  two  poles 
A'^  and  S.  Suppose  this  force  F  to  make 
an  angle  a  with  the  perpendicular  to  the 
magnetic  meridian,  and  (^  to  be  the  incli- 
nation of  the  deflected  needle  NS  to  the 
magnetic  meridian.  Then  we  obviously 
have 

F  cos  a  =  (tf  +  F  sin  a)  tan  ^ 

If  «  be  small,  and  1^  nc)t  too  large,  a  close  approximation  is 

F  =  //  tan  -^ (2). 

If  the  same  magnet  in  different  magnetic  conditions — or  a  series  of 
magnets  in  succession,  identical  in  pole  distance — occupies  the  fixed 
position  AB,  we  get  for  the  magnetic  moment  by  combining  (i)  and  (2) 

m  =  Chi  tan<^    (3), 

where  C  is  a  constant  determined  by  the  values  ol  /  and  d  and  the  con- 
sequent values  of  ^j  and  ^3. 

For  very  exact  work  (2)  woidd  have  to  be  replaced  by  a  more  compli- 
cated expression  which  allowed  for  the  finite  length  of  the  deflected 
compass  needle,  and  allowance  would  have  to  be  made  for  variations  in  H 
during  the  time  of  the  observations.  There  were  no  magnetographs  in 
Cavendish's  time,  and  he  naturally  was  obliged  to  treat  //  as  a  constant. 
Also,  instead  of  taking  changes  Jn  m  as  measm-ed  by  changes  in  tan  ^,  he 
regarded  them  as  measured  by  the  changes  in  ^  itself.  As  ^  was  not  in 
all  cases  small,  this  cannot  be  regarded  as  altogether  satisfactory.  Still 
,  the  results  suffice  to  give  a  good  general  idea  of  the  nature  of  the  pheno- 
mena, and  this  seems  to  have  been  all  Cavendish  really  aimed  at. 

The  objects  he  seemed  to  have  had  principally  in  view  were  to  ascertain 
what  kinds  of  iron  or  steel  were  most  suitable  for  temporary  and  permanent 
magnets;  how  magnets  were  affected  by  changes  of  temperature;  and  what 
shapes  should  be  given  to  magnets  to  secure  high  strength  for  a  minimum 
of  weight. 

In  his  experiments  Cavendish  seems  invariably  to  have  got  one  end 
of  the  deflecting  magnet — either  the  upper  or  the  lower  end — level  with 
the  auxiliary  compass  needle.    He  may  have  supposed  the  poles  of  bar 
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temperature  coofficient.  Thus  some  irregular  fluctuation  was  iners 
in  the  figures  in  Table  I,  even  if  the  apparatus  had  possessed  cvmo/^ 
refinement.  That  the  fluctuations  should  be  so  regular  as  they  an 
sidering  the  rough  character  of  the  apparatus,  is  a  remarkable  tribe 
Cavendish's  care  and  skill  as  an  observer. 

When  we  look  at  the  targe  size  oiA  —  B'va  the  case  of  the  secooi 
third  bars,  the  criticism  that  the  use  of  the  deflection  angles  inga 
their  tangents  was  under  the  circumstances  very  inexact  nati; 
suggests  itself.  But  it  should  be  remembered  that  A  —  B  \i3i\ 
divided  by  4  to  get  the  real  size  of  the  angle.  If  we  take  as  an  en 
ii2°-5,  i.e,  it/8,  we  have 

(tan  22°-5)  ^  (ir/8)  =  ■4I4/-393  =  1-05, 
so  that  even  in  this  case  the  departure  from  unity  is  not  ver>'  seiv 

The  first  observation  with  the  forged  iron  bar  gives  an  outstani 
large  value  for  both  A  +  B  and  A  —  B  which  it  is  difficult  to  accou 
satisfactorily.  With  this  exception  the  fluctuations  in  the  values 
several  A  +  B  columns  appear  to  be  fortuitous.  They  supply  no  ev 
of  any  change  in  the  induction  coefficient  in  the  earth's  vertical 
With  the  A  —  B  columns,  i.e.  the  permanent  magnetic  moment,  it  i: 
otherwise.  In  the  case  of  the  blistered  steel  bars,  whether  hamme 
not,  there  was  evidently  little  if  any  change  in  the  permanent  m 
so  long  as  the  bars  were  kept  south  pole  up;  but  subsequent  to  Ju 
1776,  when  the  earth's  vertical  field  tended  to  demagnetise  the  ba 
loss  of  moment  is  clearly  apparent.  The  cast  iron  bar  seemed  if  an 
to  increase  in  moment  up  to  June  30,  1776,  but  subsequently  thei 
an  undoubted  fall.  The  forged  iron  bar  seems  to  have  lost  momen 
the  start.  Its  percentage  loss  of  moment  subsequent  to  June  30, 
was  similar  to  that  in  the  other  bars. 

The  differences  between  the  individual  bars — which,  it  will 
membered,  were  identical  in  size— are  very  striking.  If  the  two  bli 
steel  bars  were  of  the  same  material,  differing  only  in  the  hammer 
which  the  one  was  subjected,  the  effect  of  the  treatment  was  surpri 
large.  Roughly  speaking,  it  halved  the  tempwrary,  and  trebled  th 
manent  magnetism,  both  excellent  things  for  a  horizontal  force  colli 
magnet.  The  cast  iron  bar  had  apparently  a  slightly  lower  temp 
moment  than  the  hammered  steel,  and  a  permanent  moment  some  '. 
cent.  less.  The  forged  iron  bar  was  evidently  the  softest,  its  temp 
induction  being  three  or  four  times  as  large  as  that  of  the  hammerec 
and  cast  iron  bars. 

Of  the  remaining  bars  obtained  from  EIwcll,  Cavendish  writes: 

The  three  bars  marked  No.  2  were  kept  constantly  with  the  mark  up\ 
In  the  first  triab  with  them  the  compass  was  placed  in  the  same  position  a- 
the  other  bars  (i.e.  the  horizontal  distance  of  the  compass  from  the  wall  aj 
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moment  arising  from  the  permanent,  or  as  Cavendish  called  it  the  "  fixed  " 
magnetism,  and  m,  the  magnetic  moment  arising  from  the  tempwrary 
magnetism,  induced  by  the  earth's  vertical  field,  or  as  Cavendish  calls  it 
the  "moveable"  magnetism.  When  the  marked  pole  was  up,  the  magnetic 
moment  was  /«,  +  »Mp;  when  it  was  down^supposing  for  mathematical 
convenience  the  temporary  magnetism  to  be  the  stronger — the  magnetic 
moment  was  m,  —  m,. 

If  now  we  suppose  with  Cavendish  that  (3)  is  replaceable  by 

m  =  (ilC')i, (4). 

where  C  is  a  constant,  we  have 

A  =  2C'  (tM,  +  w,)l  . 

B  =  2C'  {m,  -  wjj  '^'' 

TJdlZ'^'] <-*)■ 

Thus  the  variations  in  ^  —  B  and  in  A  +  B  tell  us  the  changes  in  the 
permanent  and  temporary  magnetic  momenta.  These  variations  are 
shown  in  the  following  table. 

Table  I.    "Fixed"  and  "moveable"  magnetism. 

Blistered  Steel  Casi  Iron,  Forp-ed  Iron. 

Blistered  Steel      (hammered).  No.  t  No.  i  No.  i 

Date  A  -  B     A  +B  A  -  B     A  +B  A  -B      A+B  A  -B       A  ^-  B 

1776  "  -  .        •  ,         .  ,        .  =  .  =        .  .  ,  o  , 

May       29      27  30    8  30  —         —  —         —  —         — 

30  27  20    8  24        90  42    4    8        68  32    3  48        26  18     12  42 

31  —  —  89  50    3  50        68  14    3  26        24  12     II  22 
June         2       27  32     8  28         90  42     3  52         69     o     3  40         24  19     1 1  35 

6  27  26  8  40  90  48  4    4  69  II  3  35  24     1  II  35 

19  27  21  8  41  90  48  3  52  69  13  3  37  23  46  II  28 

22  27  5  8  39  90  51  3  45  68  55  3  41  23  40  II  24 

30  27  II  8  35  90  54  4    o  69  12  3  32  23  27  II  49 

July         2  26  51  8  39  90  43  4    3  69     i  3  37  22  51  "  35 

29  26  40  8  46  90  15  3  55  68  55  3  49  22  53  II  33 

August  10  26  32  8  36  89  30  3  56  68  15  3  41  22  40  II  36 

October  9  25  30  8  34  89  38  3  42  68  14  3  36  22  25  ii  19 

27  25  34  8  34  89  34  3  50  68  2  3  32  22  28  II  22 
1777 

June        2  24  20  8  44  86  43  4    3  66    2  3  48  21  30  11  34 

13  24  25  8  31  86  35  3  51  66    o  3  36           —          — 

In  considering  the  significance  of  these  fig\ircs  it  must  be  remembered 
that  C  in  (4)  is  not  an  absolute  constant,  but  varies  with  //,  that  the 
induced  magnetism  necessarily  varies  with  changes  in  the  vertical  force, 
and  that  the  magnetic  moment  of  a  magnet  is  a  quantity  having  a 


i 


1 


V. 
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temperature  coefficient.  Thus  some  irregular  fluctuation  was  ineiTs 
in  the  figures  in  Table  I,  even  if  the  apparatus  had  possessed  e\'CT\C:.': 
refinement.  That  the  fluctuations  should  be  so  regular  as  they  an. 
sidering  the  rough  character  of  the  apparatus,  is  a  remarkable  tribn 
Cavendish's  care  and  skill  as  an  observer. 

When  we  look  at  the  large  size  of  ^4  —  B'm  the  case  of  the  second 
third  bars,  the  criticism  that  the  use  of  the  deflection  angles  insie: 
their  tangents  was  under  the  circumstances  very  inexact  nati 
suggests  itself.  But  it  should  be  remembered  that  A  —  B  tas,  \ 
divided  by  4  to  get  the  real  size  of  the  angle.  If  we  take  as  an  ei: 
22°-5,  i.e.  it/8,  we  have 

(tan  22°-5)  -=-  (ir/8)  =  ■4I4/-393  =  1-05, 
so  that  even  in  this  case  the  departure  from  unity  is  not  very  sen* 

The  first  observation  with  the  forged  iron  bar  gives  an  outstant 
large  value  for  both  A  +  B  and  A  —  B  which  it  is  difficult  to  accou 
satisfactorily.  With  this  exception  the  fluctuations  in  the  values  : 
several  .4  +  B  columns  appear  to  be  fortuitous.  They  supply  no  e\-i 
of  any  change  in  the  induction  coefficient  in  the  earth's  vertical 
With  the  A  ~  B  columns,  i.e.  the  permanent  magnetic  moment,  it  is 
otherwise.  In  the  case  of  the  blistered  steel  bars,  whether  hamme: 
not,  there  was  evidently  little  if  any  change  in  the  permanent  m^ 
so  long  as  the  bars  were  kept  south  pole  up;  but  subsequent  to  Ju 
1776,  when  the  earth's  vertical  field  tended  to  demagnetise  the  bai 
loss  of  moment  is  clearly  apparent.  The  cast  iron  bar  seemed  if  am 
to  increase  in  moment  up  to  June  30,  1776,  but  subsequently  ther 
an  undoubted  fall.  The  forged  iron  bar  seems  to  have  lost  moment 
the  start.  Its  percentage  loss  of  moment  subsequent  to  June  30, 
was  similar  to  that  in  the  other  bars. 

The  differences  between  the  individual  bars^which,  it  will  1 
membered,  were  identical  in  size — are  very  striking.  If  the  two  bli; 
steel  bars  were  of  the  same  material,  differing  only  in  the  hammeri 
which  the  one  was  subjected,  the  effect  of  the  treatment  was  surpris 
large.  Roughly  speaking,  it  halved  the  temporary,  and  trebled  tht 
manent  magnetism,  both  excellent  things  for  a  horizontal  force  collii 
magnet.  The  cast  iron  bar  had  apparently  a  slightly  lower  temp 
moment  than  the  hammered  steel,  and  a  permanent  moment  some  2 
cent.  less.  The  forged  iron  bar  was  evidently  the  softest,  its  temp 
induction  being  three  or  four  times  as  large  as  that  of  the  hammered 
and  cast  iron  bars. 

Of  the  remaining  bars  obtained  from  Elwell,  Cavendish  writes: 

The  three  bars  marked  No,  2  were  kept  constantly  with  the  mark  up« 
In  the  first  trials  with  them  the  compass  was  placed  in  the  same  position  as 
the  other  bars  (i.e.  the  horizontal  distance  of  the  compass  from  the  wed]  as 
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lidi  the  magnets  stood  was  25  inches) ;  in  the  others  (i.e.  in  the  later  experi- 

ents)  it  was  placed 17-8  (inches)  from  the  wall. 

^he  three  No.  2   bars  represented,  like  the   No.  i   bars,  blistered  steel 

ammered,  cast  iron  and  forged  iron.    Apparently  these  bars  were  not 

_  troked,  as  the  No.  i  bars  were,  but  had  acquired  a  small  amount  of 

lermanent  magnetism  before  the  readings  commenced,  presiunably  simply 

■  Tom  continued  exposure  in  one  position  to  the  earth's  vertical  field.  The 

I  observations  on  them  commenced  on  May  30,  1776.    On  May  31  after 

:  readings  had  been  taken  with  the  compass  25  inches  from  the  wall,  they 

were  repeated  with  the  distance  reduced   to   17-8   inches,   and  all  the 

subsequent   readings  were  taken   at  this  reduced  distance.    As   to  the 

subsequent  treatment  of  the  bars,  Cavendish  writes  of  the  blistered  steel 

No.  2  bar  that  after  the  readings  taken  on  June  lo,  1777,  it  was  "struck 

100  times  on  anvil,  falling  i-6  inches  by  its  weight.   This  was  repeated 

thrice,  giving  300  blows  in  all."   After  the  reading  on  June  11,  100  blows 

were  repeated   twice.    Then   100   blows   were  repeated  each  day   until 

June  26.    It  was  then  "struck  almost  every  day"  until  July  12,  "struck 

several  times"   between  July   12   and  August  21,   and  finally  "struck 


Table  II. 

"Fixed' 

and  "moveable"  magnetism. 

Blistered  Steel 
(tammeredl.  No.  . 

Cast  Iran.  No.  ^ 
A-B         A^B 

ForKed  Iron. 
No.  a 

Dale 

A-B 

A 

+  fl 

A-B 

^+B 

1776 

'     • 

°      ' 

May       30 

I     3 

5 

3 

I   30 

3  44 

0  45 

10   15 

31 

0  52 

5 

2 

I  35 

3  41 

0  18 

10    12 

31 

2  ZO 

II 

0 

3  15 

8  15 

1     4 

22    10 

June        2 

3  as 

II 

15 

3  12 

8  18 

I  29 

22  45 

19 

4  10 

n 

20 

3  24 

830 

I  25 

22   25 

25' 

3  57 

II 

13 

3  24 

8   20 

1  40 

22  34 

July       28 

438 

II 

18 

3  33 

837 

I     2 

22  58 

August  10 

438 

II 

18 

3  35 

829 

I  30 

22   50 

October  lo 

5  35 

II 

15 

3  40 

8  34 

2    0 

23    6 

..       29 

5     2 

10 

56 

3  37 

823 

I  47 

22  37 

1777 

June        8 

6  53 

10 

47 

4    5 

815 

I  57 

22  37 

10 

652 

10 

52 

— 

— 

— 

— 

II 

— 

- 

4  14 

8  30 

I  51 

22     5 

II 

8    4 

II 

10 

— 

— 

— 

_ 

12 

— 

- 

4  32 

8  22 

9  57 

23  49 

26 

835 

II 

5 

4  44 

830 

10  37 

23  59 

July       12 

8  38 

10 

58 

4  49 

823 

10  50 

23  38 

August  21 

850 

II 

4 

4  43 

8  17 

10  52 

23  32 

October   I 

9  22 

II 

2 

5     2 

8  32 

II  30 

22  54 
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reproduced.   Pp.  55 — 58  deal  with  dip  observations  made  in  1791  rj 
have  also  been  utilised.    In  the  same  bundle  are  tw^o  sheets  uithdipRsdl 
obtained  with  Naime's  needle  inside  a  house,  and  aJso  uith  its  ftoe  :| 
of  the  magnetic  meridian.   There  follow  eight  pages,  some  of  thembhiij 
giving  some  declination  results.    The  place  of  observation  is  not  stad 
One  page  containing  a  summary  of  results  for  1788,  1789,  i79oishe2i. 
"Gilpin's  observing  needle."    The  declinations  it  gives  are  fully  10  :| 
excess  of  those  obtained  in  the  same  years  at  Clapham.    A  second  set 
data  for  1789  give  lower  values  for  the  declination  than  those  at  ClaphaE 
At  the  end  of  the  packet  are  a  few  pages  having  app>arently  nothinr. 
do  with  magnetism.  One  contains  some  information  as  to  radii  of  gyratia 
a  second  refers  to  an  elasticity  experiment  in  which  a  modulus  of  dastiat 
was  derived  for  crown  glass;  a  third  refers  to  some  astronomical  caloiL- 
tion. 

There  are  finally  a  bundle  of  miscellaneous  pap)ers    with  sheets  0! 
various  sizes.  These  comprise:  a  paper,  paged  i  to  13,  entitled  **Bendins 
of  tapering  needle  by  its  weight."  This  includes  the  mathematical  solution 
of  the  problem  and  some  numerical  results  which  are  referred  to  subse- 
quently. 

A  MS.  of  two  sheets  containing  declination  results  obtained  in  Cedl 
Street  and  Pall  Mall  between  1759  and  1775  (r.  infra). 

Three  sheets  dealing  with  declination  and  dip  results  obtained  in  June 
and  July  1776  and  1778  at  the  Royal  Society's  House  (see  p.  465  et  seq.). 

One  sheet  dealing  apparently  with  error  in  (Royal  Society?)  compass 
in  1777. 

One  sheet  and  small  scrap  of  paper  dealing  with  error  of  (Royal 
Society's?)  compass  in  1779  and  1780. 

A  sheet  giving  some  declination  results  in  Pall  Mall  in  May  1787. 

A  sheet  giving  results  of  hourly  declination  observations  with  "Mr 
Gilpin's  observing  needle"  in  June  1788  (see  p.  472  et  seq.), 

A  sheet  sununarising  declination  results  in  Pall  Mall  from  1782  to  1791. 

A  sheet  containing  apparently  the  results  of  half  hourly  observations 
of  declination  from  6  a.m.  to  7  p.m.  on  Oct.  24th  (?)  of  an  unspecified 
year,  at  an  unspecified  place.  The  range  shown  is  12'. 

A  sheet  giving  some  comparative  declination  results  for  Clapham  and 
Pall  Mall,  and  some  yearly  means  at  Hampstead  and  Clapham. 

A  sheet  giving  "Variation  at  Royal  Society"  in  June,  July  and 
September  1802  and  1803. 

Two  sheets  (six  pages)  describing  some  experiments  with  different 
suspensions  in  a  declination  needle,  referring  apparently  to  effects  of 
moisture. 

Eight  pages  (three  blank)  apparently  notes  from  some  work  on 
Terrestrial  Magnetism,  including  dip  results  obtained  at  a  number  of 
places  in  England  in  1720. 
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^^^^Beet  referring  to  old  declination  observations,  copied  apparently  from 
^^^^nand's  work  on  Magnetism. 

^Sneet  containing  some  unexplained  data  headed  1774  and  1775. 

Large  sheet  folded  in  four  dealing  with  some  unexplained  experi- 
TOents  apparently  with  dip  needles  near  a  disturbing  magnet  in  1778  and 
'^779- 

Sheet  folded  in  two  giving  results  of  deflection  experiments  made  in 
1776  with  a  poker  and  the  cast  iron  "cheeks"  of  a  stove. 

Sheet  folded  in  two  giving  results  of  deflection  experiments  made  in 
1776  with  an  iron  and  a  steel  bar  supplied  by  Elwell. 

Three  large  sheets  folded  in  four  dealing  with  deflection  experiments 
made  with  blistered  steel,  cast  iron  and  forged  iron  bars  supplied  by 
Elwell  (see  p.  444) . 

Sheet  with  some  unexplained  diagrams  of  parallelograms  having 
apparently  something  to  do  with  prospects  obstructed  and  not  obstructed 
by  frees  at  some  unspecified  place. 

One  sheet  folded  in  two,  one  side  being  the  solution  of  a  problem  in 
spherical  trigonometry,  the  other  side  inscribed  "Computation  how  great 
the  dip  must  be  that  the  error  caused  by  moving  needle  a  given  distance 
from  magnet(ic)  meridian  shall  be  a  maximiim  and  how  great  the  error 
is  in  that  case." 

Ten  large  and  ten  small  pages  (some  blank)  giving  calculations  in 

I  spherical  trigonometry.  One  page  is  inscribed  "Examination  whether 
direction  of  horizontal  needle  (i.e.  declination  needle)  is  in  the  small  circle 
passing  through  the  two  points  of  surface  in  which  dip  =  90°,  the  two 
magnetic  poles  being  supposed  to  be  at  a  great  and  equal  depth  below 
surface  and  the  distance  of  the  two  above  mentioned  points  being  near 
i8o°." 

MS.  eight  large  pages  inscribed  "The  method  of  balancing  the  needle 
after  it  is  made  magnetical."  This  refers  to  dip  needles  furnished  with 
balancing  screws. 

MS.  paged  i  to  5  inscribed  "To  find  the  true  dip  from  observations 
made  in  the  four  different  ways  when  the  difference  between  those  ways 
is  considerable."  This  refers  to  the  case  when  there  are  considerable 
differences  between  the  dips  obtained  with  the  circle  facing  east  and  west 
and  with  the  two  ends  dipping. 

Four  pages,  three  blank,  inscribed  "On  the  different  forms  of  con- 
structing a  dipping  needle,"  refers  to  cases  where  the  axle  rolls  on  hori- 
zontal planes  and  on  friction  wheels. 

Four  pages  dealing  with  effect  of  ship's  iron  on  compass  (see  p.  463). 

MS.  paged  1  to  26,  and  sheet  with  two  figures,  inscribed  "On  the 
different  construction  of  dipping  needles."  This  deals  with  various  sources 
of  error  including  some  numerical  results  for  bending  of  different  shaped 
needles  (see  p.  453). 
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A  single  sheet,  folded  in  two,  inscribed  "For  Captain  PickeiKiL 

A  MS.  paged  i  to  7  inscribed  "For  Cook  and  Bayley." 

A  MS.  paged  1  to  17  inscribed  "Directions  for  using  the  dippiiij': 

for  Dalrymple." 

These  three  MSS.  contain  instructions  to  travellers  and  are  deal^ 

subsequently  (see  p.  462). 

Three  scraps  of  paper  unintelligible  by  themselves. 

The  substance  of  these  papers  may  be  conveniently  arrange 

dealt  with  as  follows: 

§  1.    Introduction. 

§2.    Experiments  on  "fixed"  (permanent)  and  "moveable"   (tem| 


§13- 
§14- 


Effect  of  Heat  on  Magnets. 

Strengths  of  Magnets  of  various  cross-sections. 

"Springing"  {Elastic  Bending)  of  Needles. 

Errors  in  Observed  Dip  due  to  bending  of  Dip  Needles, 

Sources  of  error  in  Dip  Observations. 

Instructions  to  Observers  and  General  Notes. 

Dip  Observations. 

Diurnal  Variation  of  Dip, 

Declination  Observations. 

Secular  Change  of  Declination. 

Diurnal  Variation  of  Declination. 

Disturbed  Days, 

Introduction 


§  I.    To  facilitate  the  comprehension  of  the  experimental  wc 
magnets  which  Cavendish  executed,  it  is  desirable 
to  consider  first  how  he  measured  the  strength  of       O 
magnets.  ;  ^  ^  - 

Suppose  A  and  B  to  represent  the  poles  of  a 
magnet  in  a  vertical  position,  and  P  a  point  at  a 
horizontal  distance  PO  =  d  from  the  vertical  Une 
BA.  Let  +  fi,  and  —  /*  represent  the  equal  strengths 
of  the  two  poles.  Let  /  denote  the  length  AB,  and 
let  01  and  ^j  denote  the  angles  APO  and  BPO.  If 
m  =  ^  be  the  magnetic  moment  of  the  magnet,  it 
is  easily  proved  that  the  horizontal  component  F 
of  the  resultant  magnetic  force  at  P  is  directed 
along  OP  and  is  given  by 

F  =  (»i/W*)  {cos*  01  -  cos*  0») ( 


B 


Fig.  I 
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.       Suppose  now  that  a  small  compass  needle  NS,  capable  of  motion  only 
_•  n  a  horizontal  plane,  has  its  centre  at 
'*the  point  P,  and  that  Fig.  2  represents 

this  needle  as  deflected  out  of  the  mag- 
bietic  meridian  MM'.    We  may  suppose 

the  needle  so  short  compared  with  the 

horizontal  distance  d  of  its  centre  from 

the  deflecting  magnet  that  the  magnetic 

force  may  be  regarded  as  the  same  at 

the  positions  occupied  by  the  two  poles 

N  and  S.    Suppose  this  force  F  to  make 

an  angle  a  with  the  perpendicular  to  the 

magnetic  meridian,  and  ^  to  be  the  inch- 
nation  of  the  deflected  needle  NS  to  the 

magnetic  meridian.    Then  we  obviously 

have 

F  cos  a  =  (H  +  F  sin  a]  tan  ^. 

If  a  be  small,  and  </!  not  too  large,  a  close  approximation  is 

F  =  H\im<f> (2). 

If  the  same  magnet  in  different  magnetic  conditions — or  a  series  of 
magnets  in  succession,  identical  in  pole  distance— occupies  the  fixed 
position  AB,  we  get  for  the  magnetic  moment  by  combining  (i)  and  (2) 

m  =  CHtan^    (3), 

where  C  is  a  constant  determined  by  the  values  of  /  and  d  and  the  con- 
sequent values  of  0^  and  ^3. 

For  very  exact  work  {2)  would  have  to  be  replaced  by  a  more  compli- 
cated expression  which  allowed  lor  the  finite  length  of  the  deflected 
compass  needle,  and  allowance  would  have  to  be  made  for  variations  in  H 
during  the  time  of  the  observations.  There  were  no  magnetographs  in 
Cavendish's  time,  and  he  naturally  was  obliged  to  treat  //  as  a  constant. 
Also,  instead  of  taking  changes  in  m  as  measured  by  changes  in  tan  <i>.  he 
regarded  them  as  measured  by  the  changes  in  ^  itself.  As  0  was  not  in 
all  cases  small,  this  cannot  be  regarded  as  altogether  satisfactory.  Still 
,  the  results  suffice  to  give  a  good  general  idea  of  the  nature  of  the  phei 
mena,  and  this  seems  to  have  been  all  Cavendish  really  aimed  at. 

The  objects  he  seemed  to  have  had  principally  in  view  were  to  ascertain 
what  kinds  of  iron  or  steel  were  most  suitable  for  temporary  and  permanent 
magnets ;  how  magnets  were  affected  by  changes  of  temperature ;  and  what 
shapes  should  be  given  to  magnets  to  secure  high  strength  for  a  minimum 
of  weight. 

In  his  experiments  Cavendish  seems  invariably  to  have  got  one  end 
of  the  deflecting  magnet — either  the  upper  or  the  lower  end — level  with 
the  auxiliary  compass  needle.    He  may  have  supposed  the  poles  of  bar 
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A  single  sheet,  folded  in  two,  inscribed  "For  Captain  PickerseiT 

A  MS.  paged  i  to  7  inscribed  "For  Cook  and  Bayley." 

A  MS.  paged  i  to  17  inscribed  "Directions  for  using  the  dipping  l-. 

for  Dalrymple." 

These  three  MSS.  contain  instructions  to  travellers  and  are  dealt 

subsequently  (see  p.  462). 

Three  scraps  of  paper  unintelligible  by  themselves. 

The  substance  of  these  papers  may  be  conveniently  arranged 

dealt  with  as  follows: 

§  I.  Introduction. 

§2.  Experiments  on  "fixed"  (pennanent)  and  "moveable"   (temp 
magnetism. 

§  3.  Effect  of  Heat  on  Magnets. 

§  4.  Strengths  of  Magnets  of  various  cross-sections. 

§  5.  "  Springing  "  (Elastic  Bending)  of  Needles. 

§  6.  Errors  in  Observed  Dip  due  to  bending  of  Dip  Needles. 

§  7.  Sources  of  error  in  Dip  Observations. 

§  8.  Instructions  to  Observers  and  General  Notes. 

§  9.  Dip  Observations. 

§  10.  Diurnal  Variation  of  Dip, 

§  II.  Declination  Observations, 

g  12.  Secular  Change  of  Declination. 

5  13.  Diurnal  Variation  of  Declination. 

§  14.  Disturbed  Days. 

Introduction 

§  I.    To  faciUtate  the  comprehension  of  the  experimental   wor 
magnets  which  Cavendish  executed,  it  is  desirable 
to  consider  first  how  he  measured  the  strength  of       O  _ 
magnets.  |  _  _"-" 

Suppose  A  and  B  to  represent  the  poles  of  a 
magnet  in  a  vertical  position,  and  P  a  point  at  a 
horizontal  distance  PO  =  d  from  the  vertical  Une 
BA.  Let  +  ft.  and  —  ^  represent  the  equal  strengths 
of  the  two  poles.  Let  /  denote  the  length  AB,  and 
let  01  and  ^^  denote  the  angles  APO  and  BPO.  If 
m  =  iji\)e  the  magnetic  moment  of  the  magnet,  it 
is  easily  proved  that  the  horizontal  comjwnent  F 
of  the  resultant  magnetic  force  at  P  is  directed 
along  OP  and  is  given  by 

F  =  [m/U*)  (cosVi  -  cosVj) W 


B 


Fig.  I. 
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lent  arising  from  the  permanent,  or  as  Cavendish  called  it  the  "  fixed  " 

agnetism.  and  »i,  the  magnetic  moment  arising  from  the  temporary 

agnetism,  induced  by  the  earth's  vertical  field,  or  as  Cavendish  calls  it 

^^le  "moveable"  magnetism.  When  the  marked  pole  was  up,  the  magnetic 

loment  was  »i,  +  m,;  when  it  was  down— ^supposing  for  mathematical 

onvenience  the  temporary  magnetism  to  be  the  stronger — the  magnetic 

l^noment  was  wif  -  m^. 

y      If  now  we  suppose  with  Cavendish  that  (3)  is  replaceable  by 

m-(ilC')4, (4). 

Iwhere  C  is  a  constant,  we  have 


■■(5). 


whence 


A  -  2C'  (m,  +  m.ll 

B  -2C'(m, -m,))  

m,-(^-iJ)/4C'[ 

m,.{A+  B)/4Ct '"'• 

Thus  the  variations  in  ^  -  B  and  in  -4  +  B  tell  us  the  changes  in  the 
permanent  and  temporary  magnetic  moments.  These  variations  are 
shown  in  the  following  table. 

Table  I.    "Fixed"  and  "moveable"  magnetism. 


BUateiod  Steel 

Cast 

Iron, 

Forged  Iron. 

Blistered  Steel 

(haniEnered),  No.  I 

No 

No 

Date 

^  -B 

A  +B 

A  -B 

A  +s 

A  -B 

A  +B 

A-B 

A+B 

1776 

°     ' 

May 

29 

27  30 

8  30 

— 

— 

— 

— 

— 

— 

30 

27   20 

824 

90  42 

4    8 

68  32 

348 

26   18 

12  42 

31 

— 

— 

89  50 

3  50 

68  14 

3  26 

24   12 

II   22 

June 

2 

27  32 

8  28 

90  42 

3  52 

69    0 

3  40 

24  19 

II  35 

6 

27  26 

8  40 

90  48 

4    4 

69  II 

3  35 

24      I 

II  35 

19 

27  21 

841 

90  48 

3  52 

69  13 

3  37 

2346 

II  28 

2Z 

27    5 

8  39 

90  51 

3  45 

68  55 

3  41 

23  40 

II  24 

30 

27 II 

835 

90  54 

4    0 

69   12 

3  32 

23   27 

II  49 

July 

2 

26  51 

8  39 

90  43 

4    3 

69      I 

3  37 

22    51 

II  35 

29 

26  40 

8  46 

90  15 

3  55 

6855 

3  49 

22  53 

n  33 

August 

10 

26  32 

836 

8930 

356 

68  15 

3  41 

22  40 

II  36 

Octobe 

9 

25  30 

834 

89  38 

3  42 

68  14 

3  36 

22   25 

11  19 

27 

25  34 

834 

89  34 

3  50 

68     2 

3  32 

22    28 

11   22 

1777 

June 

2 

24  20 

844 

8643 

4    3 

66     2 

348 

21    30 

II  34 

13 

24  25 

8  31 

86  35 

3  51 

66    0 

3  36 

— 

— 

In 

Oils 

deling  the  sign 

ificance  c 

f  these 

figuies  it  must  be  lemembeied 

that  C  in  (4)  is  not  an  absolute  constant,  but  varies  with  H,  that  the 
induced  magnetism  necessarily  varies  with  changes  in  the  vertical  force, 
and  that   the  magnetic  moment  of  a  magnet  is  a  quantity  having  a 
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A  single  sheet,  folded  in  two,  inscribed  "For  Captain  Picke-xi 

A  MS.  paged  i  to  7  inscribed  "For  Cook  and  Bayley." 

A  MS.  paged  i  to  17  inscribed  "Directions  for  using  the  dippin:: 
for  Dalrymplc." 

These  three  MSS.  contain  instructions  to  travellers  and  are  dtc: 
siibsoquontly  (see  p.  462). 

Thrt»i»  scraps  of  paper  unintelligible  by  themselves. 

The  sul>stance  of  these  papers  may  be  conveniently  arraL:r: 
dealt  with  as  follows: 

§  X.    Introduction. 

Si.    Experiments  on  "fixed"  (permanent)  and   "moveaWe"  (tem;': 
magnetism. 

S  3.  Effect  of  Heat  on  Magnets. 

§  4.  Strengths  of  Magnets  of  various  cross-sections. 

§  5.  ** Springing*'  (Elastic  Bending)  of  Needles. 

§  (>«  Errors  in  Obser\*ed  Dip  due  to  bending  of  Dip  Needles. 

S  7.  Sources  of  error  in  Dip  Obser\-ations. 

§  8.  Instructions  to  Obser\-en(  and  General  Notes. 

§  a  l>ip  Obser>'ations. 

$  10.  IMiunal  Variation  of  Dip. 

$  II.  IVclination  ObserN-ations. 

§  l<j.  S<vular  Chan^  of  Declination. 

$  13.  Diurnal  Variation  of  Declination. 

§  14.  DbturbiH]  Dui\^ 

In  rROPicTiox 

§  I.    To  facihtate  the  v\>n\pcvht?n24on  o:  th^  ejtj^rirrs-^ntjl  w 
nu^iK't:!^  which  Cawndish  txcvutcxi.  it  i>  dr:^i^aKTe 
tv>  \\>tv>ivkr  drst  hv^w  he  mea>un^i  the  ^:n^iU:th  c:        O 


:5<t  in  a  \>frtxral  ;x\ix:5cr. 


r  a  rcLn:  a:  a 


^•Jt  r 


Nl 


H 


M 


on  Magnetism 

bposo  nuw  that  a  small  compass  needle  NS,  capable  of  motion  only 
izontaJ  plane,  has  its  centre  at 

t  P,  and  that  Fig.  2  represents  H 

le  as  deflected  out  of  the  mag-  ^ 

iridian  MM'.   We  may  suppose  1 

so  short  compared  with  the  i 

ital  distance  d  of  its  centre  from  I  ^ 

lecting  magnet  that  the  magnetic 
may  be  regarded  as  the  same  at 
ae  positions  occupied  by  the  two  poles 
/  and  5.   Suppose  this  force  F  to  make 
Bfca  angle  a  with  the  perpendicular  to  the 
aiagnetic  meridian,  and  ^  to  be  the  incli- 
nation of  the  deflected  needle  NS  to  the 
magnetic  meridian.    Then  we  obviously 
liave 

F  casa  =  {H  +  Fsia  a)  tan  0. 

If  a  be  small,  and  if)  not  too  large,  a  close  approximation  is 

F  =  Htaji4> (2). 

If  the  same  magnet  in  different  magnetic  conditions — or  a  series  of 
magnets  in  succession,  identical  in  pole  distance — occupies  the  fixed 
position  AB,  we  get  for  the  magnetic  moment  by  combining  (i)  and  (2) 

m  =  CH  tan  <f>    (3), 

where  C  is  a  constant  determined  by  the  values  of  /  and  d  and  the  con- 
sequent values  of  0,  and  01- 

For  very  exact  work  (2)  would  have  to  be  replaced  by  a  more  compli- 
cated expression  which  allowed  for  the  finite  length  of  the  deflected 
compass  needle,  and  allowance  would  have  to  be  made  for  variations  in  H 
diu^ing  the  time  of  the  observations.  There  were  no  magnetographs  in 
Cavendish's  time,  and  he  naturally  was  obliged  to  treat  //  as  a  constant. 
Also,  instead  of  taking  changes  in  m  as  measured  by  changes  in  tan  1^,  he 
regarded  them  as  measured  by  the  changes  in  (f>  itself.  As  <fi  was  not  in 
all  cases  small,  this  cannot  be  regarded  as  altogether  satisfactory.  Still 
the  results  suffice  to  give  a  good  general  idea  of  the  nature  of  the  pheno- 
mena, and  this  seems  to  have  been  all  Cavendish  really  aimed  at. 

The  objects  he  seemed  to  have  had  principally  in  view  were  to  ascertain 
what  kinds  of  iron  or  steel  were  most  suitable  for  temporary  and  permanent 
magnets;  how  magnets  were  affected  by  changes  of  temperature;  and  what 
shapes  should  be  given  to  magnets  to  secure  high  strength  for  a  minimum 
of  weight. 

In  his  experiments  Cavendish  seems  invariably  to  have  got  one  end 
of  the  deflecting  magnet — either  the  upper  or  the  lower  end — level  with 
the  aiixihary  compjiss  needle.    He  may  have  supposed  the  poles  of  bar 
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temperature  coofRcient.  Thus  some  irregular  fluctuation  was  i 
in  the  figures  in  Table  I,  even  if  the  apparatus  had  possessed  ever 
refinement.  That  the  fluctuations  should  be  so  regular  as  they 
sidering  the  rough  character  of  the  apparatus,  is  a  remarkable  1 
Cavendish's  care  and  skill  as  an  observer. 

When  we  look  at  the  large  size  of  ^  -Bin  the  case  of  the  st 
third  bars,  the  criticism  that  the  use  of  the  deflection  angles  i 
their  tangents  was  under  the  circumstances  very  inexact 
suggests  itself.  But  it  should  be  remembered  that  A  —  B  h 
divided  by  4  to  get  the  real  size  of  the  angle.  If  we  take  as  an 
^2''*5,  i,e,  jt/S,  we  have 

(tan  22°-5)  ^  (w/8)  --=  •4I4/-393  =  1-05, 

so  that  even  in  this  case  the  departure  from  unity  is  not  very  < 
The  first  observation  with  the  forged  iron  bar  gives  an  outsi 
large  value  for  both  A  +  B  and  A  —  B  wJiich  it  is  difficult  to  ac 
satisfactorily.  With  this  exception  the  fluctuations  in  the  valu 
several  A  +  B  columns  appear  to  be  fortuitous.  Tiiey  supply  no 
of  any  change  in  the  induction  coefficient  in  the  earth's  verti 
With  the  A  -  B  columns,  i.e.  the  permanent  magnetic  moment,  i 
otherwise.  In  the  case  of  the  blistered  steel  bar^,  whether  hanu 
not,  there  was  evidently  little  if  any  change  in  the  jwrmancnt 
so  long  as  the  bars  were  kept  south  pole  up;  but  subsequent  to 
1776,  when  the  earth's  vertical  field  tended  to  demagnetise  the  I 
loss  of  moment  is  clearly  apparent.  The  cast  iron  bar  seemed  if  i 
to  increase  in  moment  up  to  June  30,  1776.  but  subsequently  tl 
an  undoubted  fall.  The  forged  iron  bar  seems  to  have  lost  moin< 
the  start.  Its  percentage  loss  of  moment  subsequent  to  June  j 
was  similar  to  that  in  the  other  bars. 

The  differences  between  the  individual  bars— which,  it  wil 
membered,  were  identical  in  size — are  very  striking.  If  the  two  I 
steel  bars  were  of  the  same  material,  differing  only  in  the  hamm 
which  the  one  was  subjected,  the  effect  of  the  treatment  was  surj 
large.  Roughly  speaking,  it  halved  the  temporary,  and  trebled 
manent  magnetism,  both  excellent  things  for  a  horizontal  force  co 
magnet.  The  cast  iron  bar  had  apparently  a  slightly  lower  ter 
moment  than  the  hammered  steel,  and  a  permanent  moment  som< 
cent.  less.  The  forged  iron  bar  was  evidently  the  softest,  its  ten 
induction  being  three  or  four  times  as  large  as  that  of  the  hammer 
and  cast  iron  bars. 

Of  the  remaining  bars  obtained  from  Elwell,  Cavendish  writes: 

The  three  bare  marked  No.  2  were  kept  constantly  with  the  mark  u 

In  the  first  trials  with  them  the  compass  was  placed  in  the  same  position 

the  other  bars  (i.e.  the  horizontal  distance  of  the  compass  from  the  wall 
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.  in  the  later  experi- 


which  the  magnets  stood  was  25  inches) ;  in  the  others  (i.e 
ments)  it  was  placed ....  17-8  (inches)  from  the  wall. 
The  three  No.  2  bars  represented,  like  the  No.  1  bars,  blistered  steel 
hammered,  cast  Iron  and  forged  iron.  Apparently  these  bars  were  not 
stroked,  as  the  No.  i  bars  were,  but  had  acquired  a  small  amount  of 
permanent  magnetism  before  the  readings  commenced,  presumably  simply 
from  continued  exposure  in  one  position  to  the  earth's  vertical  field.  The 
observations  on  them  commenced  on  May  30,  1776.  On  May  31  after 
readings  had  been  taken  with  the  compass  25  inches  from  the  wall,  they 
were  repeated  with  the  distance  reduced  to  zy-S  inches,  and  all  the 
subsequent  readings  were  taken  at  this  reduced  distance.  As  to  the 
subsequent  treatment  of  the  bars.  Cavendish  writes  of  the  blistered  steel 
No.  2  bar  that  after  the  readings  taken  on  June  10,  1777,  it  was  "struck 
100  times  on  anvil,  falling  i*6  inches  by  its  weight.  This  was  repeated 
thrice,  giving  300  blows  in  all."  After  the  reading  on  June  11,  100  blows 
were  repeated  twice.  Then  loo  blows  were  repeated  each  day  until 
June  26.  It  was  then  "struck  almost  every  day"  until  July  12,  "struck 
several  times"  between  July  12  and  August  21,  and  finally  "struck 


Table  II. 

"Fixed' 

and  "moveable"  magnetism. 

BlistBred  Steel 

ForRed  Iron, 

(hammered).  No.  i 

Cast  Iron,  No.  l 

No 

* 

Date 

A-R 

A 

+  s 

A-B 

.-l+fl 

A-B 

A*B 

1776 

May       30 

I    3 

3 

I   30 

3  44 

0  45 

10  ig 

31 

0  52 

2 

I   35 

3  41 

0  18 

10  12 

3" 

2  20 

0 

3  15 

815 

I     4 

22  10 

Jane        2 

2  25 

15 

3  12 

8  18 

I  29 

22  45 

19 

4  10 

20 

3  24 

8  y:t 

I  25 

22  25 

25 

3  57 

13 

3  24 

8  20 

I  40 

22  34 

July       28 

438 

18 

3  33 

837 

I      2 

22   58 

August  10 

4  38 

18 

3  35 

8  29 

I   30 

22   50 

October  10 

5  35 

15 

3  40 

834 

2      0 

23    6 

..        29 

5     2 

56 

3  37 

8  23 

I  47 

22  37 

1777 

June        8 

6  53 

47 

4    5 

8  15 

I  57 

22  37 

10 

652 

52 

— 

— 

— 

— 

II 

— 

- 

4  14 

8  30 

I  51 

22      5 

II 

8    4 

10 

_ 

_ 

— 

_ 

12 

— 

- 

4  32 

8  22 

9  57 

23  49 

26 

835 

5 

4  44 

830 

10  37 

23  59 

July       12 

8  38 

58 

4  49 

823 

10  50 

2338 

August  21 

850 

4 

4  43 

8  17 

10  52 

23  32 

October  i 

9  22 

2 

5     2 

832 

II  30 

22  54 

448  Unpublished  Papers 

sometimes"  between  August  21  and  October  I.  The  cast  iron 
was  struck  250  times  on  June  11,  1777,  and  100  times  on  June 
the  readings  taken  on  that  day.  The  forged  iron  No.  2  bar  w 
300  times  on  June  11,  and  200  times  on  June  12  before  the  re; 
taken,  Apparently  after  July  12  the  cast  iron  and  forged  iron 
treated  identically  with  the  blistered  steel  bar.  The  results  of  thi 
tions  appear  in  Table  II,  the  significance  oi  A  —  B  and  A  +  B 
same  as  in  Table  I. 

The  first  of  the  horizontal  tines  in  the  table  marks  the  rec 
the  distance  between  the  magnet  and  the  compass.  Only  tht 
above  this  line  are  immediately  comparable  with  those  in  Tab 
second  horizontal  line  marks  the  introduction  of  the  experiment 
to  show  the  effect  of  mechanical  agitation  on  the  magnetic  moi 

Comparing  the  values  of  ^  +  B,  i.e.  the  temporary  magnetic 
observed  on  May  30  and  31,  1776  before  the  reduction  of  dist£ 
those  given  for  the  corresponding  No.  i  bars  in  Table  I,  we  se< 
differences  are  small.  This  means  that  the  presence  or  absence 
permanent  magnetic  moment  makes  little  difference  to  the  t 
magnetic  moment. 

The  reduction  effected  on  May  31,  1776,  in  the  distance  of  th 
needle  was  doubtless  intended  to  secure  greater  sensitiveness 
manent  magnetic  moments  being  so  small.  Between  May  31, 
June  II,  1777  any  change  in  the  permanent  moments  must  be 
as  arising  from  simple  exposure  to  the  earth's  vertical  field,  actin 
in  the  direction  to  increase  the  magnetism.  The  bars  all  sh 
increase  of  moment,  but  it  is  decidedly  larger  in  the  blistered 
than  in  the  others.  All  this  time,  it  will  be  observed,  the  ti 
magnetic  moment  remained  the  same,  or  very  nearly  so,  just 
case  of  the  No.  i  bars  in  Tabic  I. 

The  introduction  of  mechanical  agitation  of  the  bars  on  June 
produced  at  once  a  remarkable  increase  in  the  permanent  magi 
the  forged  iron  bar.  It  had  also  a  considerable  effect  on  the 
steel  bar,  but  not  much  on  the  cast  iron  bar.  The  successive  app 
of  the  treatment  tended  apparently  to  further  increase  the  i>e 
moment,  but  only  to  a  comparatively  minor  extent.  There  is  nc 
suggest  that  the  mechanical  agitation  had  any  effect  on  the  ij 
coeflicient  for  temporary  magnetism  of  the  blistered  steel  or  c 
bars,  but  there  is  at  least  a  suspicion  of  an  increased  induction  a. 
in  the  forged  iron  bar. 

If  we  take  the  formula  (i)  and  simplify  it  by  assuming  the 
the  ends  of  the  magnets — the  distance  being  probably  about  -^ 
magnet's  length— we  find  that  increasing  the  distance  d  from 
25  inches  would  reduce  the  force  F  to  about  0-43  of  its  value  at  the 
distance.  If  we  compare  the  sum  of  the  ..4  +  B  deflection  angles  on 
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efore  and  after  tlie  increase  of  distance  we  obtain  a  ratio  of  0-46.  We 
lall  thus  certainly  not  be  far  wrong  if  we  regard  the  angles  observed  on 
i^Jctober  i,  1777,  in  Table  II  when  multiplied  by  0-45  as  fairly  comparable 
fiwith  the  corresponding  angles  in  Table  I,  We  thus  infer  that  mechanical 
'agitation  alone  sufficed  in  the  case  of  the  forged  iron  to  secure  a  permanent 
magnetic  moment  about  a  quarter  the  size  of  that  obtained  by  stroking 
in  the  usual  way.  This  agrees  with  the  conclusions  we  should  derive  if  we 
assumed  the  temporary  magnetic  moments  equal  in  the  bars  Nos.  i  and  2. 

.  Effect  of  Heat  on  Magnets 

§  3.  A  small  packet  of  papers  entitled  "Effect  of  heat  on  magnets" 
deals  with  experiments  on  the  effects  produced  by  immersing  magnets  in 
Tirater  at  about  115°  F.,  the  previous  temperature  being  that  of  the  air, 
about  65"  F.  usually.  The  experiments  were  made  in  July,  but  the  year 
is  not  stated. 

The  effects  of  a  sudden  rise  of  temperature  on  a  magnet  or  on  an 
unmagnetised  bar  of  iron  or  steel  are  somewhat  complex.  There  is  first 
of  all  a  shock  effect,  apparently  similar  to  that  caused  by  mechanical 
agitation.  If  an  ordinary  magnet,  especially  one  recently  magnetised,  has 
a  sudden  rise  of  temperature,  such  as  occurred  in  Cavendish's  experiments 
where  the  bar  was  lowered  into  a  glass  of  hot  water,  an  immediate  loss  of 
magnetic  moment  occurs.  The  loss  may  not  be  altogether  permanent, 
i.e.  if  the  magnet  is  kept  for  some  days  after  the  incident  at  its  original 
temperature,  a  partial  recovery  of  moment  may  take  place.  But  a  con- 
siderable part  at  least  of  the  loss  seems  to  be  permanent.  If  the  experi- 
ment be  repeated  a  second  time,  there  is  usually  still  further  loss,  but  the 
loss  is  less.  After  some  repetitions  there  is  at  least  an  approach  to  a  cycHc 
state  of  matters,  in  which  the  lower  magnetic  moment  is  associated  with 
the  higher  temperature.  The  cyclic  change,  which  alone  represents  the 
effect  of  a  true  temperature  coefficient,  is  usually  small,  and  imlcss  there 
are  a  very  large  number  of  observations  accidental  changes  in  the  earth's 
field  affecting  the  readings  of  the  auxiliary  compass  may  introduce  an 
undesirably  large  element  of  uncertainty,  which  can  be  eliminated  only 
when  magnetograph  records  are  available.  This  will  I  hope  explain  why 
only  a  short  summary  of  the  results  is  given. 

The  experiments  were  confined  to  three  bars.  One  of  these.  No.  4, 
had  apparently  been  magnetised  for  some  time.  It  was  10  inches  long; 
its  other  dimensions  are  not  recorded.  Its  marked  end  was  a  north  pole. 
The  observations  were  made  exactly  in  the  same  way  as  in  the  case  of  the 
experiments  summarised  in  Tables  I  and  II.  The  double  deflection  angle, 
i.e.  the  algebraic  difference  of  the  readings  of  the  auxiliary  compass  when 
level  first  with  the  one  then  with  the  other  of  the  two  poles  of  No.  4,  is 
recorded  in  all  cases,  the  marked  end  of  No,  4  being  sometimes  up  some- 
times down.  The  differences  between  the  results  with  mark  up  and  down 
cp.  39 
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temperature  coefficient.  Thus  some  irregular  fluctuation  was  i 
in  the  figures  in  Table  I,  even  if  the  apparatus  had  p>ossessed  ever 
refinement.  That  the  fluctuations  should  be  so  regular  a^  they 
sidering  the  rough  character  of  the  apparatus,  is  a  remarkable  1 
Cavendish's  care  and  skill  as  an  observer. 

When  we  look  at  the  large  size  oi  A  —  fi  in  the  case  of  the  st 
third  bars,  the  criticism  that  the  use  of  the  deflection  angles  i 
their  tangents  was  under  the  circumstances  very  inexact 
suggests  itself.  But  it  should  be  remembered  that  A  —  B  I 
divided  by  4  to  get  the  real  size  of  the  angle.  If  ^ve  take  as  ar 
22°'5,  i.e.  7r/8,  we  have 

(tan  22°-5)  -f  (tt/S)  -  •4I4/-393  =  1-05, 

so  that  even  in  this  case  the  departure  from  unity  is  not  verj^ 
The  first  observation  with  the  forged  iron  bar  gives  an  outs 
large  value  for  both  A  -\-  B  and  A  —  B  which  it  is  difficult  to  a< 
satisfactorily.  With  this  exception  the  fluctuations  in  the  vali 
several  A  -h  B  columns  appear  to  be  fortuit<)us.  They  supply  nc 
of  any  change  in  the  induction  C(H*fficient  in  the  earth's  verl 
With  the  A  —  B  columns,  i.e.  the  pt*rmanent  magnetic  moment, 
otherwise.  In  the  case  of  the  blistered  steel  bars,  Mrhether  han 
not,  there  was  e\idently  little  if  any  change  in  the  i>ermanen 
so  long  as  the  bars  were  kept  south  pole  up;  but  subsequent  tc 
1776,  when  the  earth's  vertical  field  tended  to  demagnetise  the 
loss  of  moment  is  clearly  apparent.  The  cast  iron  bar  seemed  il 
to  increase  in  moment  up  to  June  30,  1776,  but  subsequently 
an  undoubted  fall.  The  forged  iron  bar  seems  to  have  lost  mor 
the  start.  Its  percentage  loss  of  moment  subsequent  to  Jime 
was  similar  to  that  in  the  other  bars. 

The  differences  between  the  individual  bars — ^vhich,  it  \« 
membered,  were  identical  in  size — are  very  striking.  If  the  twc 
steel  bars  were  of  the  same  material,  differing  only  in  the  ham 
which  the  one  was  subjected,  the  effect  of  the  treatment  was  su 
large.  Roughly  speaking,  it  halved  the  temporary,  and  treblec 
manent  magnetism,  both  excellent  things  for  a  horizontal  force  < 
magnet.  The  cast  iron  bar  had  apparently  a  slightly  lower  t 
moment  than  the  hammered  steel,  and  a  permanent  moment  soi 
cent.  less.  The  forged  iron  bar  was  evidently  the  softest,  its  t 
induction  being  three  or  four  times  as  large  as  that  of  the  hamm 
and  cast  iron  bars. 

Of  the  remaining  bars  obtained  from  Elwell,  Cavendish  writ< 

The  three  bars  marked  No.  2  were  kept  constantly  with  the  marlt 
In  the  first  trials  with  them  the  compass  was  placed  in  the  same  positi< 
the  other  bars  (i.e.  the  horizontal  distance  of  the  compass  from  the  w; 
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which  the  magnets  stood  was  25  inches) ;  in  the  others  (i.e.  in  the  later  experi- 
ments) it  was  placed, . . .  17-8  (inches)  from  the  wall. 

The  three  No.  2  bars  represented,  like  the  No.  i  bars,  blistered  steel 
hammered,  cast  iron  and  forged  iron.  Apparently  these  bars  were  not 
stroked,  as  the  No.  r  bars  were,  but  had  acquired  a  small  amount  of 
permanent  magnetism  before  the  readings  commenced,  presumably  simply 
from  continued  exposure  in  one  position  to  the  earth's  vertical  field.  The 
observations  on  them  commenced  on  May  30,  1776.  On  May  31  after 
readings  had  been  taken  with  the  compass  25  inches  from  the  wall,  they 
were  repeated  with  the  distance  reduced  to  17-8  inches,  and  all  the 
subsequent  readings  were  taken  at  this  reduced  distance.  As  to  the 
subsequent  treatment  of  the  bars.  Cavendish  writes  of  the  blistered  steel 
No.  2  bar  that  after  the  readings  taken  on  June  10.  1777,  it  was  "struck 
100  times  on  anvil,  falling  1-6  inches  by  its  weight.  This  was  repeated 
thrice,  giving  300  blows  in  all."  After  the  reading  on  June  11,  100  blows 
were  repeated  twice.  Then  100  blows  were  repeated  each  day  until 
June  26.  It  was  then  "struck  almost  every  day"  until  July  12,  "struck 
several  times"  between  July  I2  and  August  21,  and  finally  "struck 


Table  11. 

•'Fixed' 

and  "moveable"  magnetism. 

BU3tered  Steel 

ForRed  lion. 

(hamraered).  No.  2 

Cast  Iron,  No.  2 

No 

2 

Date 

A-B 

A 

+  B 

A-B 

H+fl 

A-B 

A  +  B 

1776 

'     • 

'      • 

May 

30 

I     3 

3 

I  30 

3  44 

0  45 

10   15 

31 

052 

2 

I  35 

3  41 

0  18 

10   12 

31 

2  20 

0 

3  15 

815 

I    4 

22   10 

June 

2 

2   25 

15 

3  la 

8  18 

I  29 

22  45 

19 

4  10 

20 

3  24 

830 

I  25 

22  25 

25 

3  57 

13 

3  24 

8  20 

I  40 

22  34 

July 

28 

4  38 

18 

3  33 

837 

I    2 

22  58 

August 

10 

438 

18 

3  35 

8  29 

I  30 

22  50 

Octobe 

10 

5  35 

15 

3  40 

834 

2    0 

23    6 

29 

5     2 

56 

3  37 

823 

r  47 

22  37 

1777 

June 

8 

653 

47 

4    5 

815 

I  57 

22  37 

10 

6  52 

52 

— 

— 

— 

— 

.. 

11 

— 

- 

4  14 

830 

I  51 

22     5 

„ 

II 

8    4 

10 

— 

— 

— 

— 

12 

— 

— 

4  32 

8   22 

9  57 

23  49 

26 

835 

5 

4  44 

8  30 

10  37 

23  59 

J^y 

12 

8  38 

58 

4  49 

823 

10  50 

2338 

August 

21 

8  50 

4 

4  43 

817 

10  52 

2332 

October    I 

9  22 

2 

5    2 

832 

II  30 

22  54 

4 


i 
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sometimes"  between  August  21  and  October  i.  The  cast  iron  No.  2  bar 
was  struck  250  times  on  June  11,  1777,  and  100  times  on  June  12  before 
the  readings  taken  on  that  day.  The  forged  iron  No.  2  bar  was  struck 
300  times  on  June  11,  and  200  times  on  June  12  before  the  reading  was 
taken.  Apparently  after  July  12  the  cast  iron  and  forged  iron  bars  were 
treated  identically  with  the  blistered  steel  bar.  The  results  of  the  observa- 
tions appear  in  Table  II,  the  significance  oi  A  —  B  and  A  -\-  B  being  the 
same  as  in  Table  I. 

The  first  of  the  horizontal  lines  in  the  table  marks  the  reduction  in 
the  distance  between  the  magnet  and  the  compass.  Only  the  readings 
above  this  line  are  immediately  comparable  with  those  in  Table  I.  The 
second  horizontal  line  marks  the  introduction  of  the  experiments  intended 
to  show  the  effect  of  mechanical  agitation  on  the  magnetic  moment. 

Comparing  the  values  of  ^4  -f  -B,  i.e.  the  temporary  magnetic  moments, 
observed  on  May  30  and  31,  1776  before  the  reduction  of  distance,  with 
those  given  for  the  corresponding  No.  i  bars  in  Table  I,  we  see  that  the 
differences  are  small.  This  means  that  the  presence  or  absence  of  a  large 
permanent  magnetic  moment  makes  Uttle  difference  to  the  temporary 
magnetic  moment. 

The  reduction  effected  on  May  31,  1776,  in  the  distance  of  the  compass 
needle  was  doubtless  intended  to  secure  greater  sensitiveness,  the  per- 
manent magnetic  moments  being  so  small.  Between  May  31,  1776  and 
June  II,  1777  any  change  in  the  permanent  moments  must  be  regarded 
as  arising  from  simple  exposure  to  the  earth's  vertical  field,  acting  steadily 
in  the  direction  to  increase  the  magnetism.  The  bars  all  show  some 
increase  of  moment,  but  it  is  decidedly  larger  in  the  blistered  steel  bar 
than  in  the  others.  All  this  time,  it  will  be  observed,  the  temporary 
magnetic  moment  remained  the  same,  or  very  nearly  so,  just  as  in  the 
case  of  the  No.  i  bars  in  Table  I. 

The  introduction  of  mechanical  agitation  of  the  bars  on  June  11,  1777, 
produced  at  once  a  remarkable  increase  in  the  permanent  magnetism  of 
the  forged  iron  bar.  It  had  also  a  considerable  effect  on  the  blistered 
steel  bar,  but  not  much  on  the  cast  iron  bar.  The  successive  applications 
of  the  treatment  tended  apparently  to  further  increase  the  permanent 
moment,  but  only  to  a  comparatively  minor  extent.  There  is  nothing  to 
suggest  that  the  mechanical  agitation  had  any  effect  on  the  induction 
coefficient  for  temporary  magnetism  of  the  blistered  steel  or  cast  iron 
bars,  but  there  is  at  least  a  suspicion  of  an  increased  induction  coefficient 
in  the  forged  iron  bar. 

If  we  take  the  formula  (i)  and  simplify  it  by  assuming  the  poles  at 
the  ends  of  the  magnets — the  distance  being  probably  about  ^  of  the 
magnet's  length — we  find  that  increasing  the  distance  d  from  17-8  to 
25  inches  would  reduce  the  force  F  to  about  0-43  of  its  value  at  the  shorter 
distance.  If  we  compare  the  sum  of  the  A  ■\-  B  deflection  angles  on  May  31 
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before  and  after  the  increase  of  distance  we  obtain  a  ratiu  of  0-46.  We 
shall  thus  certainly  not  be  far  wrong  if  we  regard  the  angles  observed  on 
October  i,  1777,  in  Table  11  when  multiplied  by  0-45  as  fairly  comparable 
with  the  corresponding  angles  in  Table  I.  We  thus  infer  that  mechanical 
agitation  alone  sufficed  in  the  case  of  the  forged  iron  to  secure  a  permanent 
magnetic  moment  about  a  quarter  the  size  of  that  obtained  by  stroking 
in  the  usual  way.  This  agrees  with  the  conclusions  we  should  derive  if  we 
assumed  the  temporary  magnetic  moments  equal  in  the  bars  Nos,  i  and  a. 

■  Effect  of  Heat  on  Magnets 

§  3.  A  small  packet  of  papers  entitled  "Effect  of  heat  on  magnets" 
deals  with  experiments  on  the  effects  produced  by  immersing  magnets  in 
water  at  about  115°  F,,  the  previous  temperature  being  that  of  the  air, 
about  65°  F.  usually.  The  experiments  were  made  in  July,  but  the  year 
is  not  stated. 

The  effects  of  a  sudden  rise  of  temperature  on  a  magnet  or  on  an 
unmagnetised  bar  of  iron  or  steel  are  somewhat  complex.  There  is  first 
of  all  a  shock  effect,  apparently  similar  to  that  caused  by  mechanical 
agitation.  If  an  ordinary  magnet,  especially  one  recently  magnetised,  has 
a  sudden  rise  of  temperature,  such  as  occurred  in  Cavendish's  experiments 
where  the  bar  was  lowered  into  a  glass  of  hot  water,  an  immediate  loss  of 
magnetic  moment  occurs.  The  loss  may  not  be  altogether  permanent, 
i.e.  if  the  magnet  is  Itept  for  some  days  aiter  the  incident  at  its  original 
temperature,  a  partial  recovery  of  moment  may  take  place.  But  a  con- 
siderable part  at  least  of  the  loss  seems  to  be  permanent.  If  the  experi- 
ment be  repeated  a  second  time,  there  is  usually  still  further  loss,  but  the 
loss  is  less.  After  some  repetitions  there  is  at  least  an  approach  to  a  cyclic 
state  of  matters,  in  which  the  lower  magnetic  moment  is  associated  with 
the  higher  temperature.  The  cyclic  change,  which  alone  represents  the 
effect  of  a  true  temperature  coefficient,  is  usually  small,  and  unless  there 
are  a  very  large  number  of  observations  accidental  changes  in  the  earth's 
field  affecting  the  readings  of  the  auxiliary  compass  may  introduce  an 
undesirably  large  element  of  uncertainty,  which  can  be  eliminated  only 
when  magnetograph  records  are  available.  This  will  I  hope  explain  why 
only  a  short  summary  of  the  results  is  given. 

The  experiments  were  confined  to  three  bars.  One  of  these.  No.  4, 
had  apparently  been  magnetised  for  some  time.  It  was  10  inches  long; 
its  other  dimensions  are  not  recorded.  Its  marked  end  was  a  north  pole. 
The  observations  were  made  exactly  in  the  same  way  as  in  the  case  of  the 
experiments  summarised  in  Tables  I  and  II.  The  double  deflection  angle, 
i.e.  the  algebraic  difference  of  the  readings  of  the  auxihary  compass  when 
level  first  with  the  one  then  with  the  other  of  the  two  poles  of  No.  4,  is 
recorded  in  all  cases,  the  marked  end  of  No.  4  being  sometimes  up  some- 
times down.  The  differences  between  the  results  with  mark  up  and  down 
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were  very  small,  showing  that  No.  4  had  a  very  small  temporan 
coefficient.  Its  temperature  coefficient  was  apparently  also  5 
shock  effects  are  however  apparent.  On  the*  first  occasion  ti 
i.e.  north,  pole  was  down  when  the  sudden  rise  of  temperature, 
to  63-5°  F.,  occurred.  The  double  deflection  angle  fell  fron 
43*"  14'.  On  the  next  occasion,  with  the  marked  end  up,  a  ris 
was  accompanied  by  a  fall  of  48'  in  the  deflection  angle.  After  1 
ment  No.  4  was  kept  for  about  a  fortnight  marked  pole  up.  and 
the  demagnetising  effect  of  the  earth's  vertical  field.  This  r 
double  deflection  angle  by  about  2*^2.  Subsequently  Vmy  m 
changes  of  temperature  similar  to  the  two  prcWous  were  madi 
took  place  with  the  marked  end  up,  the  double  deflection  angle 
The  second  also  took  place  with  the  markc<i  end  up,  the  doubl 
angle  falHng  only  8'.  Some  hours  thereafter  observations  we 
normal  temperature  and  a  rise  of  5'  was  observed,  as  compar 
reading  taken  at  the  high  temperature.  This  suggests  that  a  da 
had  been  made  to  the  cyclic  state. 

The  two  other  bars  had  not  been  stroked  prior  to  the  coin 
of  the  experiments,  and  possc^ssed  originally  only   a  smaU 
permanent  magnetism,  acquired  under  exposure  to  the  eart 
field.   They  were  both  19 J  inches  long,  the  cross-section  beii 
of  side  0*75  inch.   No.  i  was  of  steel.  No.  2  of  iron. 

When  experiments  began  on  No.  i  the  lower  end,  whether 
or  the  unmarked  end,  was  a  north  pole,  but  the  moment  wa 
larger  when  the  marked  pole  was  up.  Thus  the  marked  end  wj 
pole  of  the  permanent  magnetism,  but  the  temporary  consi 
ceeded  the  permanent  magnetism.  When  the  first  sudden  rise 
ture,  amounting  to  41°  F.,  was  applied,  the  marked  i>olc  was 
double  deflection  angle  rose  34'.  Thus  the  heating  acted  ap 
the  main  as  hammering  would  have  done,  facilitating  the  a< 
earth's  vertical  field.  On  th(^  second  occasion  a  sudden  rise  1 
temperature  occurred  with  the  marked  pole  down.  There 
small  fall  in  the  double  deflection  angle  with  marked  pole 
considerable  increase  in  the  angle  with  marked  pole  down 
deflc*ction  angle  wiis  now  greater  wth  the  marked  end  dowi 
it  up.  Thus  apparently  the  shock  enabled  the  earth's  field  to 
magnetism.  After  this  the  bar  was  stroked  so  as  to  make  the 
north  pole,  and  in  the  intervals  between  the  experiments  i 
marked  pole  up,  and  so  sufficing  demagnetisation  from  the  e 
The  cycle:  normal,  hot,  normal  temperature  was  applied  on  \ 
days,  one  day  intervening,  the  range  of  temperature  being  4; 
first  occasion  and  32''  F.  on  the  second.  On  the  first  occasion 
deflection  angle  on  return  to  the  normal  temperature  show< 
7^  58' ;  on  the  second  occasion  there  was  again  a  fall,  but  < 
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^^e  from  the  intermediate  hot  to  the  final  normal  temperature 
^^npanied  on  both  occasions  by  a  rise  in  the  double  deflection 
^•loimting  to  41'  on  the  first  occasion  and  67'  on  the  second.  The 
■•^flection  angle  was  about  37°  on  the  second  occasion.  The  passage 
!  ^^ligh  to  the  normal  temperature  on  that  occasion  would  certainly 
riMnpanicd  by  more  than  a  small  fraction,  if  any,  of  the  permanent 
^^^n  during  the  cycle.  Taking  the  moment  as  proportional  to 
^^Bn  angle,  we  get  as  a  rough  measure  of  the  temperature  coefli- 

^j  9  =  67  -=-  (37  X  60  X  52)  =  -0006. 

mt.  least  of  the  right  order,  but  high  for  good  magnet  steel. 

wiiio.2  or  iron  bar  was  treated  in  a  similar  way  to  No,  i.  Originally 

g^  little  if  any  permanent  moment,  the  double  deflection  angle 

I^U'k  up  10°  7',  mark  down  9°  50'.    But  on  being  suddenly  raised 

IK    temperature,  the  marked  end  being  down,  the  readings  were: 

^•wn  11°  35',  mark  up  9°  55'.    Thus  heating  had  the  effect  of  a 

;al  shock,  the  bar  tending  to  have  the  pole  that  was  down  at  the 

^^  the  north  pole  of  a  permanent  magnet.    Two  days  later  the 

^amed  to  have  largely  disappeared,  the  bar  appearing  again  to  be 

j,eutTal.    The  temperature  was  again  suddenly  raised,  the  mark 

^s  time  up,  and  again  the  bar  assumed  a  small  permanent  moment, 

ied  end  being  this  time  the  south  pole.  The  bar  was  then  stroked, 

ig  it  into  a  permanent  magnet  with  the  marked  end  a  south  pole. 

nanent  and  temporary  moments  in  this  bar  were  now  so  nearly 

.at  when  the  marked  pole  was  down  the  deflection  angle  was 

■il.   The  temperature  cycle:  normal,  hot,  normal  was  applied  on 

"3,  one  day  intervening.  On  the  first  occasion  the  deflection  angle 

with  the  rise  and  the  subsequent  fall  of  temperature,  the  com- 

^ect  being  a  reduction  in  the  double  deflection  angle  from  ig°  38' 

*^'.   On  the  second  occasion  the  apparent  differences  between  the 

were  too  small  to  possess  any  significance. 
m. 
V     Strengths  of  Magnets  of  various  cross-sections 

■  During  May  of  some  unspecified  year  Cavendish  made  a  number 
'^Sments  on  two  needles  made  by  Nairne  and  nine  made  by  Elwell. 
■atter  five  were  old  and  four  new.  He  exposed  them  to  a  variety 
V^ent  and  tested  their  strengths,  employing  an  auxiliary  compass 
►>^y  already  described.  The  deflection  angles  were  of  the  order  of 
vthat  replacing  the  angle  by  its  tangent  would  have  made  little 
\~e  to  the  numerical  results.  After  concluding  the  experiments 
acsb  tried  whether  any  formula  could  be  found  which  represented 
Korily  the  relation  between  the  magnetic  moment  and  the  dimen- 

■  the  cross-section.  The  only  calculations  carried  to  a  conclusion 
^o  five  magnets  all  by  Elwell,  but  suppHed  at  two  different  dates. 


Length 

Breadth 

Thickness 

1203 

0154 

0-096 

11-95 

0-164 

0-164 

12-03 

o-6oo 

0-041 

12-03 

0-50 

0-673 

11-90 

0-26 

0-067 
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The  information  given  as  to  their  weights  and  dimensions  in  different 
places  is  not  in  all  respects  consistent,  but  the  following  data  accord 
closely  with  the  values  employed  by  Cavendish  for  log  6/  and  log  (6  +  0» 
where  h  denotes  the  breadth  and  /  the  thickness,  and  they  also  fit  fairly 
with  the  recorded  values  of  the  weights.  The  dimensions  are  in  inches. 
The  descriptive  terms  and  letters  are  those  applied  by  Cavendish. 

Table  III.    Dimensions  of  various  magnets. 

Bar 

"straight" 

"square" 

"flat" 

B 

E 

The  first  three  of  these  repwesented  the  earlier,  the  two  last  the  later 
consignment.  A  remark  by  Cavendish  seems  to  imply  that  the  two  lots 
were  supposed  to  be  of  the  same  steel,  but  possibly  it  was  intended  to 
apply  not  to  the  bars  B  and  E  but  only  to  one  bar  A  of  the  later  set, 
the  results  for  which  are  not  included.  In  any  case  the  treatment  of  the 
older  and  newer  bars  as  regards  annealing  may  have  been  quite  different. 
It  will  be  seen  that  for  practical  purposes  the  lengths  were  all  the  same, 
12  inches. 

Cavendish  tried  a  formula  of  the  type 

m  =  C  (6  +  0'  («)•  (7). 

where  C  was  regarded  as  constant  for  the  bars  of  the  same  consignment. 
After  trying  various  values  of  p  and  q  he  drew  the  following  conclusion : 
"Therefore  if  we  suppose  the  force  of  the  bars  to  draw  (the  compass) 

needle  aside  to  be  as  (6  -f  f)*  ^  (bf)^  it  will  agree  as  well  with  pbservation 
as  any  proportion."   In  other  words  the  best  values  of  p  and  q  in  (7)  are 

The  formula  makes  the  results  for  bars  "straight,"  "square"  and 
"flat "  agree  pretty  closely,  and  likewise  the  results  for  B  and  E,  but  the 
values  of  C  in  the  two  cases  differ  sensibly. 

Cavendish  also  writes  the  formula  he  approved  in  the  form 

{{b  -f  t)^'^l{bif'^}  X  (6/)*-7» (8), 

presimiahly  with  the  object  of  showing  that  in  bars  of  the  same  length 
and  similar  form  of  section  the  magnetic  moment  \'aries  as  D**,  where  D 
represents  the  linear  dimension  of  the  cross-section.  The  weight  of  course 
varies  as  D*,  so  that  the  magnetic  moment  increases  less  rapidly  with  the 
area  of  the  cross-section  than  does  the  weight.  Another  vray  of  regarding 
the  result  is  that  it  gives  moment  ac  (weight)*. 

It  will  be  noticed  that  the  formulae  tried  were  of  the  type 

Cs^S^ ...{9), 
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where  s  denotes  the  perimeter,  S  the  area  of  the  cross-section,  and  C  is 
a  constant. 

Cavendish  proceeded  to  try  whether  any  results  could  be  obtained 
calculated  to  tlirow  light  on  the  best  shape  to  give  to  dip  needles,  whether 
they  should  be  of  uniform  width  throughout,  a  common  shape  apparently 
in  older  needles,  or  should  taper  towards  the  ends.  He  thus  carried  out 
experiments  in  the  way  already  described  on  the  magnetic  moments  of 
three  needles  B,  C,  D  of  the  same  length  and  approximately  the  same 
thickness,  S  being  of  uniform  width,  C  tapering  from  0-5  inch  at  the  middle 
of  the  length  to  about  J  inch  at  the  ends,  and  D  still  more  tapering.  The 
needles  were  apparently  of  the  same  steeJ.  Particulars  of  the  experimental 
results  appear  in  the  following  table.  The  dimensions  are  in  inches,  but 
I  have  converted  the  weights,  w,  from  peimyweights  to  grammes.  The 
values  in  needle  B  of  the  quantities  in  the  two  last  Hues  have  been  taken 
as  unity  for  comparative  purposes. 


Table  IV.    Strength 

of  dip  needles  of 

variou 

s  shapes. 

Needle 

B 

c 

D 

W 

567 

42 

2 

33-4 

Length 

1203 

13 

03 

1203 

Breadth  at  mid-length 

05 

0 

5 

0-5 

Breadth  at  ends 

0-5 

0 

24 

o-o6 

Thickness  (approx.) 

0-07 

0 

07 

0-07 

Moment/w 

I 

I 

14 

i-ig 

Moment/ipf 

I 

I 

07 

1-04 

One  would  rather  infer  that  Cavendish  regarded  the  formula 
moment  at  w* 
as  at  least  approximately  satisfied  by  the  results.  From  the  remarks  he 
made  later  in  connection  with  the  shape  of  dip  needles,  he  evidently 
decided  that  the  desirabihty  of  a  taper  in  the  needles  was  proved.  We 
learn  incidently  that  when  fitted  as  dip  needles  the  above  would  have  an 
axle  weighing  about  ii'7  grammes, 

"Springing"  (Elastic  Bending)  of  Needles 
§  5.  Cavendish  also  made  experiments  on  what  he  calb  the  "springing 
of  needles,"  meaning  the  elastic  deflection  under  a  load.  In  this  case 
"needle"  meant  a  rectangle  of  uniform  breadth  and  small  thickness.  It 
was  supported  at  the  ends,  in  the  flat  position,  and  loaded  at  the  middle. 
The  deflection  immediately  under  the  load  was  measured,  exactly  how  is 
not  stated,  but  evidently  with  high  precision.  The  "needles"  seem  to 
have  been  in  general  atxiut  I2  inches  long,  varying  in  width  from  0-60 
to  o-i6  inches.   A  few  particulars  are  given  in  each  case. 

For  instance,  weightsof  2oz.,8oz,  and  16  oz.  applied  successively  to  one 
of  the  "needles"  caused  it  to  "spring"  0-04.  0-15  and  0-305  inches.  This 
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presumably  was  intended  partly  as  a  check  on  the  application  of  Hooke's 
law,  and  partly  as  some  guidance  to  the  choice  of  suitable  weights.  If 
we  denote  the  length,  breadth  and  thickness  of  the  "needle"  by  2a,  6 
and  /,  the  observed  "spring"  or  deflection  by  y,  and  the  apphed  weight 
by  w,  the  formula  applied  by  Cavendish  for  the  determination  of  Young's 
modulus  E  may  be  written 

E  =  2wa^lybfi (lo). 

Cavendish  himself  uses  A  as  the  s5anbol  for  Young's  modulus,  and  he 
expresses  it  in  what  is  now  rather  an  unusual  way,  viz.  as  a  length  modulus, 
with  the  inch  as  unit  of  length.  In  other  words,  £  is  to  be  regarded  as 
the  length  in  inches  of  a  bar  of  the  material  which  if  attached  to  the  end 
of  a  sample  bar  of  the  same  section  would  double  its  length,  supposing, 
what  of  course  is  not  the  case,  that  Hooke's  law  applied  in  that  extreme 
case. 

The  following  values  are  quoted  by  Cavendish  for  certain  "  needles  "  to 
which  his  descriptive  titles  are  assigned.  For  comparison  with  modern 
data  I  have  added  a  column  showing  the  equivalent  values  of  E  in  grammes 
weight  per  cm.*,  taking  with  Cavendish  7-8  as  the  specific  gravity  in  each 
case. 

Table  V.    Young's  modulus  in  iron  and  steel  needles. 

E 


Thickness 

/^ ■■  - 

Length  modulus 

Grammes  weight 

"Needle" 

in  inches 

in  inches 

per  cm.» 

Flat 

0-0417 

106-9  X  lO* 

21-2  X  lO* 

Straight 

0-0953 

847 

16-8 

Iron 

0-0667 

106-2 

21-0 

Iron  hammered 

0-0566 

104-0 

20-6 

B 

0-0732 

103-6 

20-5 

C 

0-0669 

109-3 

21-6 

In  another  place  Cavendish  comments  on  the  fact  that  the  difference 
in  elastic  properties  between  iron  and  steel  is  not  to  any  great  extent  due 
to  the  size  of  their  elastic  moduli,  but  to  the  weight  which  they  can  stand 
without  permanent  deformation.  The  values  obtained  above  accord  well 
with  modem  results.  The  thicknesses  assigned  to  the  bars  called  **flat/' 
"straight"  and  "Z?"  are  sufficiently  close  to  those  given  for  the  bars 
similarly  designated  in  the  experiments  made  in  connection  with  formula 
(7)  to  render  it  almost  certain  that  they  were  the  same  bars. 

Error  in  Observed  Dip  due  to  bending  of  Dip  Needles 

§  6.  Cavendish's  experiments  on  the  elasticity  of  needles  were  pre- 
sumably suggested  by  his  interest  in  a  subject  to  which  there  are  many 
references  in  his  papers,  the  bending  of  dip  needles.  That  the  bending  of 
a  dip  needle  will  introduce  an  error  into  the  dip  observed  with  it  is  one 
of  those  propositions  which  though  really  true  are  apt  to  be  accepted  for 
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erroneous  reasons.  If  one's  attention  is  exclusively  directed  to  the  dipping 
end,  the  fact  that  bending  of  the  needle  under  its  own  weight  will  bring 
the  end  nearer  the  vertical  than  it  otherwise  would  be,  and  so  increase 
the  dip,  appears  sufficiently  obvious;  while  if  one's  attention  happens  to 
be  concentrated  on  the  other  end,  the  exactly  opposite  conclusion  is 
acceptable.  On  reflection  one  sees  that  when  one  reads  both  ends  of  the 
needle,  as  is  invariably  done,  the  two  effects  neutralise  one  another,  at 
least  to  a  first  approximation.  It  is  true  notwithstanding  that  the  bending 
of  needles  does  introduce  an  error,  and  that  for  a  reason  which  Cavendish 
correctly  apprehended.  But  if  his  views  on  the  subject  ever  reached  the 
notice  of  his  contemporaries,  they  do  not  seem  to  have  produced  any 
permanent  impression,  and  it  was  left  for  Sir  Arthur  Schuster',  less  than 
30  years  ago,  to  call  attention  to  the  fact  in  a  convincing  way. 

In  the  figure  suppose  AB  to  represent  diagrammatically  the  dip  needle 
as  it  would  be  if  weightless,  and  A'B'  to  represent  its  actual  position 
when  supported  at  its  centre  C.  If  AB  makes  an  angle  ^  with  the  hori- 
zontal, gravity  g  may  be  resolved  into  g  sin  ^  along  and  g  cos  ^  perpendi- 
cular to  AB.  Only  the  latter  component  tends  to  bend  the  needle.  Thus 
G  the  centre  of  gravity  of  the  bent  needle  is  on  the  perpendicular  to  i4B 


Fie-  3- 


F.g.  4. 


through  C,  and  its  distance  GC  from  AB  ^ycosift,  where  3"  represents 
the  reduction  in  the  height  of  the  centre  of  gravity  due  to  bending  when 
the  needle  is  horizontal.  If  GN  =  GC  sin  1^  be  the  perpendicular  from  G 
on  the  vertical  through  C,  the  gravitadonal  couple  tending  to  turn  the 
needle  is  wGN,  where  w  is  the  weight  of  the  needle,  or  substituting  for  GN 
in  terms  of  v  and  ift,  1^  sin  </>  cos  <i>.  If  the  consequent  deflection  from  the 
position,  which  the  needle  if  weightless  would  assume  be  8^,  the  magnetic 
couple  is  ob\-iously  viR  sin  S^,  where  m  is  the  magnetic  moment  of  the 
needle  and  R  the  total  magnetic  force. 

Thus  mR  sin  S^  =  ay  sin  <^  cos  ^. 

or  sin  5^  =  try  sin  ^  cos  ^/mR (11). 

'  Philosophical  Magatine,  Marrh  1891,  p.  275. 


4S6 


Unpublished  Papers 


Cavendish  did  not  actually  demonstrate  this  fonnula,  but  contented  him- 
self with  announcing  it  in  the  following  terms : 

Error  caused  in  dipping  needle  by  its  bending  is  ang(le)  whose  sine  is  to  the 
rad(ius)  as  nK>t(ion)  cent(re)  grav(ity)  x  weight  needle  x  sine  x  cosine  of  dip 
to  \  length  needle  x  fcnxe  applied  at  end  needle  sufficient  to  draw  it  90  d^rees 
out  of  true  direction. 

A  figure  shows  at  once  that  the  somewhat  circuitous  phrase  "J  length 
needle  x  force  appUed  at  end  sufficient  to  draw  it  90  degrees  out  of  true 
direction "  marely  represents  mR,  The  angle  S^  is  so  small  that  sin  8^ 
may  be  replaced  by  8^.  It  represents  in  all  cases  a  reduction  in  the  angle 
of  dip.  There  is  no  doubt  as  to  what  "motion  centre  gravity"  means 
because  it  is  the  title  Cavendish  actually  attaches  to  J'  as  defined  above. 

Cavendish  calculated  the  value  of  j?  in  three  cases,  viz.  first  when  the 
needle  is  of  uniform  width  throughout,  second  when  it  tapers  uniformly 
from  the  centre  to  the  sharp  ends,  and  third  when  it  tapers  uniformly 
from  a  width  2i  at  the  centre  to  a  width  2/  at  either  end.  The  last  case 
(cf.  Fig.  5,  showing  the  half  needle  BFF'B')  is  more  general  than  and 
includes  the  first  two  as  particular  cases.  The  particular  cases  are  the 
identical  cases  treated  by  Sir  Arthur  Schuster,  and  the  results  obtained  for 
them  are  identical  with  his. 


-'*■  si""X 


The  more  general  case  is  considerably  more  difficult  mathematically, 
but  an  ingenious  substitution  adopted  by  Cavendish  enabled  him  to 
surmount  the  difficulties.  His  analysis,  sUghtly  modernised,  is  substan- 
tially as  follows:  If  Ox  and  Oy  be  taken  along  and  perpendicular  to  the 
central  line  ON  of  the  needle,  the  ordinary  elastic  equation  on  the 

Bemoulli-Euler  theory  is  £co#c*  ^  =  bending  mom^it  arising  from  the 

weight  to  the  right  of  the  section  PP",  at  distance  ON  =  x.  Here  coic* 
represents  the  moment  of  inertia  of  the  cross-section  through  N  about 
the  perpendicular  to  PP*  through  N,  In  Fig.  5,  BFF'B'  is  to  be  regarded 
as  the  outline  of  the  half  needle  in  the  mid-plane  of  its  thickness,  this  mid- 
plane  being  vertical  and  containing  the  horizontal  axis  Ox  and  the  vertical 
axis  Oy,  the  positive  direction  of  y  being  downwards.  If  ^  be  the  thickness 
and  f)  represents  PN,  then  for  the  cross-section  through  N 

owe*  =  2/i|V3- 
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Suppose  the  two  edges  BF,  B'F'  of  the  needle  to  be  prolonged  and 
meet  in  a  point  H,  which  lies  by  symmetry  on  the  median  line  ON,  and 
let  a  denote  the  angle  BHO,  Then  by  regarding  the  portion  PFF'P'  of 
the  needle  as  the  difference  of  the  two  triangles  PHP'  and  FHF',  it  is 
easily  seen  that  the  bending  moment  of  the  mass  to  the  right  of  the 
section  PNP'  is 

ly.iy  cot  a.^Tf  cot  a.gpt  —/./cot  a  (rj  cot  a  —  f/cot  a)  gpt, 

wherep  is  the  density  of  the  material  and g  gravity. 

This  reduces  to         gpt  cot*  a  (Jiy®  — /*iy  +  §/•). 

Again  x  =  ON  ^  OH  -  HN  =  cot  a  (b  -  ly), 

and  so  3-  =  --  cot  a, 

and  g;=tan*a^^.. 

Thus  the  bending  equation  becomes 

E  ii)  trj*  tan* a^,  =  gpt  cot* a  {\rf-fh,  + If*). 


or 


d^ _  3gp cot* an  _ /»     2/»Y 


Integrating  this  in  two  steps,  noticing  that  ^-  and  y  both  vanish  when 
17  =  6,  we  find 

The  logarithm  is  to  the  Napierian  base. 

If  y  denote  the  distance  of  the  centre  of  gravity  of  the  bent  needle 
below  ON,  a  being  the  half  length  of  the  needle,  we  have 


y  =     y2'qdx-7-  area  of  BFF'B', 
Jo 


Noticing  that  area  BFF'B'  =  (b^  —f^  cot  a,  and  changing  from  x  to  r^ 
as  variable,  we  have 

+  ,t  ( _  J  6  _  /«ft-i  +  ^/»ft-t)  +  iV  +  i/»  +  /»,,  log  1,}  ii,. 

Carrying  out  the  integration,  and  replacing  cot  a  by  a/(6  — /),  we  find 
eventually,  in  exact  agreement  with  Cavendish, 

(14). 
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For  the  special  case  of  the  pointed  needle  putting  /  =  o  we  find 

y  =  gpa*l24Eb^  (15), 

which  is  identical  with  Prof.  Schuster's  equation  (3),  allowing  for  the 
difference  of  notation,  Prof.  Schuster's  /,  a,  Y  answering  to  our  a,  26,  E 
respectively. 

The  other  special  case  treated  by  Prof.  Schuster, /=  b,  does  not  follow 
conveniently  from  the  above,  because  the  method  of  proof  tacitly  assumes 
that  a  and  therefore  [b  '-f)ja  is  finite,  and  the  expression  (14)  assumes  the 
form  0/0  if  we  put  f  =b.  It  was  treated  independently  by  Cavendish, 
who  found 

y  =  3»>«V2o£6*     (16), 

which  is  in  agreement  with  Prof.  Schuster's  equation  (4). 

Cavendish  evaluated  (14)  for  a  series  of  values  of  bjf,  finding  for 

bjf  =  1  1-52  3  00 

y  -^  igp^^l^b^)  =  0"i50    0*124    O'loS    0-090    0-047. 
The  needle  he  was  particularly  interested  in  had 

a  =  6,   6  =  },  /  =  i,  in  inches,  and  so  b/f  =  2. 

For  its  length  modulus  he  took  107  x  lo*  inches,  in  other  words  he  re- 
placed E  hy  gp  X  107  X  lo*.   Thus  he  had 

«     6*  X  4*  X  o-io8  .     , 

y  = i —  =  0-0000200  mches. 

•^  107  X  10*  ^ 

Cavendish  writes  down,  however,  0-0000265  inches. 

The  numerical  factor  given  for  the  case  b/f  =  2  is  at  least  very  approxi- 
mately correct.  I  find  0-1085,  while  to  bring  the  result  for  y  up  to 
Cavendish's  value  we  want  the  factor  to  be  0-136  approximately.  A 
possible  explanation  is  suggested  by  the  series  of  values  quoted  in  §  5 
for  Young's  modulus.  The  value  which  appears  above,  107  x  lo*,  obviously 
answers  to  that  of  the  first  "needle"  on  the  Ust  described  as  *'flat." 
If,  however,  we  replace  it  in  the  calculation  by  85  x  lo*,  the  value  of  the 
next  "needle,"  which  is  described  as  "straight,"  employing  the  more 
exact  value  0-1085  of  the  factor  we  agree  exactly  with  Cavendish's  figure 
0-0000265  inches. 

He  proceeds 

I  find  also  that  the  force  which  must  be  applied  to  the  end  of  the  needle 
in  order  to  draw  it  aside  90  degrees  is  1/600  of  the  weight  of  the  needle,  con- 
sequently the  error  caused  by  the  bending  of  the  needle  in  this  climate  where 
the  dip  is  72**^  is  about  2  J  minutes,  but  in  a  place  where  the  dip  was  45°  would 
be  about  4J  minutes. 

This  is  easily  shown  by  means  of  equation  (11)  if  we  notice  that  in 
modem  language  Cavendish's  statement  is  equivalent  to  mR  =  ^wa, 
where  a  is  6  inches. 
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Substituting  in  (ii)  we  have 

sin  8<^  =  loo  X  IO-'  x  265  x  0-5  sin  (145° 

=  0-00076 

8^  =  2'-6  approx. 

^  4>  =  45°.           sin  8^  =  100  >:  10-^  x  265  x  0-5  = 

=  0-001325, 

or  8^  =  4'-6  approx. 

The  phraseology  adopted  by  Cavendish  naturally  suggests  that  the 
magnetic  moment  was  actually  found  by  balancing  the  magnetic  couple 
against  a  gravitational  couple.  This  would  be  quite  practicable.  One 
might,  for  instance,  determine  the  weight  required  to  be  suspended  from 
one  end  to  bring  the  needle  into  the  horizontal  position,  or  into  the 
position  at  right  angles  to  the  natural  dip.  But,  as  a  matter  of  fact,  a 
different  procedure  seems  to  have  been  adopted.  This  is  what  Cavendish 
writes  on  the  subject: 

Naime's  needle  is  12  inches  long  \  inch  broad  in  middle  and  \  at  end,  there- 
fore force  applied  at  end  sufficient  to  turn  it  on  centre  is  10/36  of  what  it  would 
be  if  all  the  matter  was  collected  at  end.  therefore  if  the  needle  vibrates  in  5", 


force  required  to  draw  it  aside  90°  = 


-  of  weight  nearly. 


39-12  X  25  X  36  600 
From  a  small  calculation  on  the  same  page,  deducing  the  ratio  10/36 
as  quoted  above,  it  is  clear  that  what  Cavendish  means  by  "force  applied 
at  end  sufficient  to  turn  it  on  centre"  Js  simply  the  moment  of  inertia  / 
of  the  needle  about  its  axis  of  rotation.  He  is  obviously  employing  the 
ordinary  formula  for  the  time  T  of  swing  from  rest  to  rest,  viz. 

This  gives  mR  =  it'I/T'. 

His  first  statement  really  means 

low   , 


I  = 


36^ 


whence 


<25) 


Taking  the  inch  as  unit  of  length, 
a  =6. 
g  =  32-2  X   12  =  386*4, 

g/f*  =  39'i2  very  nearly. 
Thus  mR  =  fl  X  10  X  6a>  -^  {39'i2  x  36  > 

=  awjboo  very  neariv- 
The  ratio  10/36  is  deduced  as  follows: 
force  necessary  to  turn  this  needle  on  its  centre  is  to  that  necessary  to  move 
the  same  quantity  of  matter  placed  at  the  end 

]x*  {b-  xtas\a)dx    :    i  (6  +  /)  a» 

iba'-  ia*tzi\a    :    i  {b  +  f)  a* 

46-3atana[=(46-36  +  3/)/i2]    :    1(6+/) 

(b  +  if)!^    :    b+f. 
As  b  =  2/  the  ratio  is  5  :  18,  or  10  :  36  as  stated. 
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The  introduction  of  J  (6  +  /)  a*,  i.e.  J  (i  -h  /)  a  x  a*,  is  alone  sufficient 
to  make  it  quite  dear  that  what  Cavendish  had  in  view  was  the  moment 
of  inertia.  The  integral  given,  however,  is  not  an  absolutely  complete 
expression  for  the  moment  of  inertia  of  the  needle — or  rather  the  quarter 
needle.  The  complete  expression  is 


i 


{%■  (6  -  :t  tan  a)  +  J  (6  -  Jt  tan  a)'}  dx. 
0 

For  the  present  case  in  which  b  =  2f  ^  «/i2,  the  ratio  of  the  term  neglected 

to  that  retained  proves  to  be  3  (//«)*  :  i,  or  i  :  192.  Thus  the  neglect  of 

the  tenn,  whether  intentional  or  otherwise,  is  quite  immaterial. 

Sources  of  error  in  Dip  Observations 

§  7.  Cavendish  discusses  several  other  sources  of  error  in  dip  observa- 
tions. If  the  needle  be  in  a  vertical  plane  inclined  at  an  angle  a  to  the 
magnetic  meridian,  the  observed  dip  is  necessarily  too  great.  If  ^  be  the 
true  and  <f>  -\-  h<f>  the  observed  dip,  we  have  obviously 

tan  (4>  +  h4)  =  tan  ^  sec  a    (17). 

This  is  the  most  convenient  form  for  exact  logarithmic  determination  of 
^  +  S^,  and  so  of  8^,  when  ^  and  a  are  known. 
When  a  is  not  large  the  approximate  formula 

8^  =  Ja«sin2f (18) 

is  convenient.  It  shows  at  once,  as  remarked  by  Cavendish,  that  for  a 
given  error  in  the  meridian  setting  of  the  dip  circle,  the  consequent  error 
in  the  dip  is  greatest  when  the  true  dip  is  45°. 

In  Cavendish's  time,  in  London,  <f>  was  about  72°  J,  and  so  sin  2^  =  0-574. 
This  reduction  factor  had  consequently  to  be  appUed  to  deduce  from  the 
errors  calculated  for  ^  =  45°  the  corresponding  errors  in  the  case  of  obser- 
vations made  in  London  near  the  end  of  the  eighteenth  century.  For 
^  =  45°  Cavendish  quotes  for  a  =  2°,  and  for  a  ■=  5°J  the  respective 
values  i'  and  7'.  In  the  latter  case,  I  suspect,  he  inadvertently  took  5° J 
instead  of  5°f  (i.e.  half  a  point).  For  2°  and  5°f  more  exact  values  are 
I '-05  and  8'-35.  Consequently  in  Cavendish's  time  an  error  of  half  a  point 
in  the  setting  of  the  dip  circle  in  London  would  have  entailed  an  error  of 
only  4'"8  in  the  observed  dip. 

Another  source  of  error  considered  by  Cavendish  is  the  existence  of 
a  protuberance  on  the  axle  of  a  dip  needle,  resulting  from  imperfect 
poUshing.  In  his  time  dip  needles  were  either  carried  on  friction  wheels 
or  with  their  ends  rolling  on  flat  planes,  so  that  the  conditions  were  not 
the  same  as  now  exist.  He  concludes  that  if  the  height  of  the  protuberance 
be  regarded  as  constant,  the  consequent  maximum  error  in  the  dip  will 
vary  as  the  square  root  of  the  diameter  of  the  axle,  while  if  the  height 
of  the  protuberance  be  supposed  to  vary  as  the  diameter  of  the  axle,  the 
error  also  wiU  vary  as  this  diameter.  He  uses  these  results  as  an  argument 
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for  having  tlie  axles  of  as  small  diameter  as  is  compatible  with  their  being 
sufficiently  strong  to  bear  the  weight  of  the  needle  satisfactorily.  I  do 
not  on  this  point  follow  Cavendish's  reasoning,  which  must,  I  think,  make 
some  assumptions  not  fully  disclosed.  Somethinf^  will  depend  in  practice 
un  how  the  observations  are  actually  taken.  In  modern  practice  the 
difficulty  presents  itself  \isually  from  the  occurrence  of  rust  on  the  axle. 
It  is  now  usual  to  set  the  microscope  wire  to  the  estimated  mid  position 
of  the  point  of  a  vibrating  needle,  and  the  error  consequent  on  the  presence 
of  a  speck  of  rust  depends  a  good  deal  on  whether  one  observes  with  a 
large  or  small  arc  of  vibration.  Cavendish  seems  to  assume  the  needle  to 
be  at  rest  when  read.  The  calculations  he  made  as  to  the  effect  of  a 
protuberance,  of  what  he  considered  a  probable  size,  evidently  somewhat 
startled  him.    He  remarks 

it  seems  surprising  how  it  should  be  possible  (to  make)  the  axis  so  true  as  that 
the  needle  should  not  be  liable  to  a  greater  error,  and  indeed  the  only  way  by 
which  I  can  account  for  it  is  by  supposing  that  the  axis  (axle)  and  plane  on 
which  it  rolls  do  not  actually  touch  but  are  kept  from  one  (another)  by  a 
repulsive  force. 

This  remark  is  taken  from  a  MS.  inscribed  "On  the  different  construction 
of  dipping  needles."  In  it  Cavendish  enumerated  the  following  four 
principal  sources  of  error:  (i)  imperfections  of  the  axle,  (ii)  departure  of 
the  axle  from  Korizontahty,  (iii)  observing  out  of  the  magnetic  meridian, 
(iv)  bending  of  the  needle.  As  regards  (i)  his  opinion  that  the  axle  should 
be  as  fine  as  the  weight  of  the  needle  allows  has  been  already  mentioned. 
No  sensible  error  he  says  should  arise  from  (ii)  assuming  ordinary  care  is 
exercised  in  levelling  the  dip  circle,  provided  readings  be  always  taken 
as  he  advocates  with  the  instrument  facing  both  east  and  west.  As  regards 
error  (iii)  the  figure  he  obtained,  viz.  i',  as  the  maximum  error  of  dip  for 
an  error  of  2°  in  the  setting  of  the  circle,  shows  that  with  reasonable  care 
in  determining  the  magnetic  meridian  no  sensible  error  shoiJd  arise  from 
this  cause  in  observations  on  land.  At  sea  (iii)  is  a  more  serious  source  of 
error,  but  Cavendish  had  been  assured  that  unless  it  is  very  rough  it  is 
rare  for  a  ship  to  deviate  as  much  as  half  a  point  from  the  direction  it 
is  intended  to  steer  in,  so  that  the  average  departure  from  the  magnetic 
meridian  during  the  taking  of  a  dip  observation  ought  with  proper  care 
to  be  but  a  small  fraction  of  half  a  point,  and  the  consequent  error  in  the 
dip  should  thus  be  much  under  7'  (or  more  exactly  8').  As  regards  (iv)  he 
had  found  in  the  way  already  explained  that  with  a  needle  such  as  he 
himself  used  the  effect  of  bending  was  to  reduce  the  dip  observed  in  London 
about  2'\. 

The  following  is  a  summary  of  the  practical  conclusions  reached: 
1°.    The  less  the  diameter  of  the  ends  of  the  axle  (where  it  rolb). 
supposing  them  to  be  equally  well  ground,  the  less  the  error  arising  from 
irregularities  of  shape. 
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2°.  The  slenderer  the  needle,  the  less  will  be  the  error  arising  from 
defects  in  the  axle,  because  the  magnetic  moment  b  larger  in  proportion 
to  the  weight  in  a  slender  needle.  Also  the  more  slender  the  needle,  the 
less  need  be  the  diameter  of  the  axle.  A  very  slender  needle,  however,  is 
liable  to  increased  error  from  bending. 

3°.  The  longer  the  needle,  the  greater  the  errors  to  which  it  is  liable. 
The  longer  the  needle  the  greater  the  error  due  to  bending,  also  the 
greater  the  weight,  and  so  necessarily  the  thicker  the  axle.  There  is, 
however,  a  practical  Umit  to  the  reduction  in  length  because  the  pointing 
of  a  long  needle  can  be  read  more  accurately  than  that  of  a  shcMt  one. 

4°.  It  is  better  that  the  needle  should  taper  than  have  a  uniform 
breadth  from  centre  to  ends  (as  seems  to  have  been  the  case  with  many 
of  the  older  needles).  Experiments  he  had  made  showed  the  ratio  of  the 
magnetic  moment  to  the  weight  to  be  greater  in  a  tapering  needle  than  in 
one  of  uniform  width.  By  tapering  the  needle  the  weight  is  reduced,  and 
so  the  necessary  thickness  of  axle.  The  time  of  vibration  is  also  reduced, 
which  is  advantageous  from  the  observational  point  of  view.  Finally  he 
ventures  on  the  following  anticipation  of  the  shape  now  generally  adopted 
in  dip  needles:  "  If  the  weight  of  the  axis  (axle)  is  very  small  in  proportion 
to  that  of  the  needle,  I  should  think  it  would  not  be  worse  if  it  was  made 
still  more  tapering,  or  even  brought  almost  to  a  point."  A  note  indicates 
that  he  thought  the  ratio  of  the  weight  of  the  blade  of  thfe  needle  to  that 
of  the  axle  should  not  be  less  than  3:1. 

It  is  interesting  to  find  that  Cavendish  anticipated  the  modem  idea 
that  small  magnets  have  many  theoretical  advantages.  In  others  of  his 
MSS.  he  remarks  on  the  difficulties  and  errors  associated  with  the  use  of 
the  large  dip  needles — some  of  them  about  foiw  feet  in  length — employed 
by  certain  of  the  old  English  observers. 

Instructions  to  Observers  and  General  Notes 

§  8.  Several  short  manuscripts  deal  with  observations  at  sea.  They 
are  entitled  "For  Cook  and  Bayley.  Directions  for  the  use  of  the  dipping 
needle,"  "Directions  for  using  the  dipping  needle  for  Dalrymple,"  "On 
the  different  forms  of  constructing  a  dipping  needle/'  etc.  Mr  Dalrymple, 
it  seems,  was  to  sail  to  Madras  round  the  Cape  of  Good  Hope,  while 
Captain  Cook  was  about  to  sail  presimiably  on  one  of  his  three  great 
voyages  of  exploration  which  began  respectively  in  1768,  1772  and  1776. 
There  is  naturally  a  good  deal  that  is  common  in  the  several  MSS.,  and 
much  of  what  is  said  is  by  way  of  instruction  as  to  the  use  of  instnmients 
now  obsolete.  There  are,  however,  various  remarks  of  interest.  Referring 
to  the  subject  of  ships  magnetism,  he  writes: 

If  there  are  no  large  iron  bars  in  the  ship  except  such  as  stand  upright  then 
these  bars  will  be  equally  magnetised  and  the  direction  of  magnetism  in  them 
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will  be  the  same  whatever  tack  the  ship  goes  on.  Consequently  if  they  draw 
the  {compass)  needle  out  of  its  true  direction  towards  the  west  when  the  ship 
sails  on  one  course,  they  will  draw  it  as  much  to  the  east  when  the  ship  sails 
on  the  direct  contrary  course.  But  if  there  are  any  large  horizontal  bars  in  the 
ship  this  will  not  be  the  case,  for  the  direction  of  magnetism  in  these  bars  will 
be  reversed  by  the  ship's  turning  round.  The  guns  are  large  horizontal  bars, 
but  as  they  are  of  cast  iron  I  believe  they  will  not  easily  acquire  magnetism, 
and  when  they  have  acquired  it.  its  direction  will  not  easily  be  changed. 
Cavendish  wrote  of  course  in  the  days  of  wooden  ships,  when  such  com- 
paratively small  amount  of  iron  as  there  was,  except  in  the  shape  of 
cannon,  was  likely  to  be  soft  iron.  His  remarks  on  cast  iron  were  pre- 
sumably based  on  the  experiments  summarised  in  Tables  I  and  II,  which 
show  it  to  have  a  small  induction  coefficient  for  temporary  magnetism. 
He  proceeds; 

It  would  be  of  great  use  if  a  way  could  be  discovered  of  finding  by  an  easy 
experiment  at  sea  how  much  the  needle  is  drawn  out  of  its  true  direction  in 
different  positions  of  the  ship.  I  say  of  doing  it  at  sea,  because  in  all  probability 
the  quantity  by  which  it  is  affected  will  be  very  different  in  different  parts  of 
the  world.  If  there  are  no  horizontal  bars  in  the  ship  this  may  be  done  in  this 
manner.  First  find  the  variation  in  the  usual  way  with  the  ship's  head  to  the 
north  by  the  compass,  then  turn  round  4  points  and  observe  as  before,  and 
proceed  in  that  manner  till  you  have  got  all  round  the  compass.  The  mean  of 
these  8  observations  will  be  the  true  variation,  whence  you  may  find  how  much 
the  variation  is  affected  by  the  iron  work  in  each  position  of  the  ship. 
After  commenting  on  the  practical  difficulties,  he  proceeds 

If  either  from  the  quantity  of  horizontal  iron  or  from  other  causes  this  method 
of  finding  the  error  of  the  compass  is  impracticable,  it  still  might  be  possible 
doing  it  in  a  harbour  in  this  manner:  Let  the  ship  be  brought  in  a  line  between 
2  objects  on  shore,  and  take  the  bearing  of  those  objects  by  the  compass,  with 
the  ship's  head  in  different  directions,  while  another  person  places  himself  on 
shore,  also  in  a  hne  between  those  2  objects  and  takes  their  bearing  by  another 
compass. 
A  note  attached  to  this  adds 

An  easier  way  will  be  for  the  person  on  shore  to  place  himself  in  any  situation 
and  to  take  the  bearing  by  the  compass  of  the  observer  on  board  the  ship,  at 
the  same  time  that  the  observer  on  board  the  ship  takes  the  bearing  of  the 
person  on  shore. 

In  another  place  the  suggestion  is  made  that  the  observers  on  shore  and 
aboard  should  interchange  compasses  and  repeat  the  observations. 

"Perhaps,"  Cavendish  adds,  "by  making  experiments  in  different  parts  of 
the  world  rules  might  be  found  out  by  which  a  person  who  knows  how  much 
his  compass  is  affected  by  iron  work  in  one  part  of  the  world  may  find  how 
much  it  would  be  in  another." 
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These  remarks,  it  must  be  remembered,  were  written  long  before  the  days 
of  Poisson  and  Archibald  Smith. 

In  the  instructions  to  Captain  Cook  and  Dahymple,  Cavendish  emjrfia- 
sises  the  fact  that  not  only  must  dips  be  taken  with  the  circle  facing  both 
east  and  west,  but  further  that  the  result  is  imperfect  unless  the  poks 
be  reversed.  He  allows,  however,  that  time  for  taking  the  full  experiment 
with  the  poles  reversed  may  not  be  alwaj's  a\'ailable.  In  this  event  he 
suggests  that  on  the  occasions  when  time  allows,  the  process  of  reversing 
the  poles  should  be  gone  through  several  times,  so  as  to  get  a  reliable 
value  for  the  difference  between  the  readings  with  mailLed  and  unmarked 
poles  dipping,  and  so  for  the  correction  to  be  appUed  wh«i  readings  are 
taken  with  only  one  pole  dipping.  He  thought  it  specially  important  that 
this  should  be  done  before  crossing  the  magnetic  equator.  He  mentions 
how  best  allowance  may  be  made  for  the  error  resulting  ^wiien  readings 
are  taken  with  one  pole  only  dipping.  Suppose,  for  example,  that  the 
marked  pole  gives  the  larger  dip.  Suppose  the  excess  on  one  occasion  to 
be  found  to  be  S^,  the  true  dip — i.e.  the  mean  of  the  dips  obtained  on  that 
occasion  first  with  the  marked  end  and  then  with  the  unmarked  end 
dipfHng — being  ^^\  and  suppose  on  the  next  similar  occasion  the  excess 
to  be  S^,  the  true  dip  being  ^.  Then  on  any  intermediate  occasion,  when 
^  was  the  observed  dip  from  observ*ations  with  the  marked  pole  only 
dipping,  the  true  dip  may  be  taken  as 

^  —  }  (sec  ^iS^  4-  sec  ^8^  cos  ^. 

Cavendish  merely  states  the  result,  but  the  proof  is  easily  suppHed.  The 
difference  between  the  two  ends  arises  from  the  centre  of  gra\ity  being 
on  one  side  or  the  other  of  the  centre  of  the  axle.  It  is  ob\'iously  nearer 
the  end  which  when  dipping  gives  the  bigger  dip,  and  unless  the  needle 
is  lop  sided  may  be  supposed  to  be  in  the  median  line  at  a  distance  c  from 
the  axis.  With  the  marked  end  dipping,  the  gravity  couple  wc  cos  ^, 
where  w  is  the  weight  of  the  needle,  pulls  the  needle  through  the  angle  JS^ 
out  of  the  direction  of  the  true  dip.  Thus  if  m  be  the  magnetic  moment 
and  R  the  total  force 

mR  sin  (S^/2)  =  wc  cos  ^. 

The  angle  S^  in  any  reasonably  well  made  needle  b  so  small  that  the  sine 
may  be  replaced  by  the  angle,  and  so 

S^  =  2  (wc/mR)  cos  ^. 
Thus  we  have 

I  12 

And  if  we  may  suppose  — ^  H ^  =  —n ,  we  obviously  have 

^  -  J  (sec  4>iHi  +  sec  ^S^J  =  ^  -  }S^, 
as  it  ought  to  be. 
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If  a  needle  is  always  magnetised  in  a  uniform  way,  with  the  same  bar 
magnets,  the  moment  acquired  will  naturally  be  nearly  uniform,  and  the 
variations  of  total  force  with  latitude  or  longitude  are  much  less  rapid 
than  those  of  vertical  or  horizontal  force.  The  correction  of  course  is  put 
forward  not  as  a  perfect  one.  but  only  as  the  best  that  is  forthcoming. 
w  really  varies  sUghtly  with  latitude,  but  any  such  variation  would  be 
negligible  in  view  of  the  several  uncertainties.  Under  the  circumstances 
supposed,  the  needle  was  presumably  freshly  magnetised  only  when  the 
poles  were  reversed.  If  tliis  were  the  case,  m  would  naturally  tend  to  fall, 
and  80  would  correspondingly  increase.  The  possibility  of  an  indirect 
effect  of  m  upon  the  dip — the  moment  not  being  exactly  the  same  when 
the  marked  and  unmarked  poles  dip— is  in  fact  one  of  the  weak  points 
in  dip  observations. 

It  should  be  added  that  Cavendish  himself  seems  generally  if  not 
always  to  have  observed  the  period  of  oscillation  of  the  dip  needle,  or 
rather  the  time  occupied  by  a  given  number  of  oscillations.  At  a  fixed 
station  this  should  afford  a  very  good  check  on  the  uniformity  of  the 
results  obtained  when  stroking  the  needle  on  different  occasions.  Unless 
a  needle  is  unusually  thick  or  of  exceptionally  hard  steel,  it  does  not 
require  very  powerful  bar  magnets  to  practically  "saturate"  it.  Thus  if 
any  of  Cavendish's  original  needles  whose  period  he  has  recorded  remains 
in  working  order,  and  could  be  identified,  it  might  possibly  serve  to  give 
an  approximate  estimate  of  the  intensity  of  the  total  {i.e.  resultant)  force 
in  his  day. 

Amongst  the  instructions  to  explorers  are  two  which  have  nothing  to 
do  with  magnetism,  but  may  perhaps  be  mentioned  for  their  general 
interest.  Cavendish  expresses  a  wish  that  observations  should  be  made 
at  frequent  intervals  on  sea  temperatures,  the  water  being  apparently 
secured  with  a  bucket  lowered  overboard.  An  officer  who  had  made 
previous  observations  of  the  kind  had  concluded  that  in  all  ca-ses  the  sea 
temperature  closely  approached  that  of  the  air,  but  Cavendish  thought 
confirmation  desirable.  His  second  suggestion  was  that  in  any  land 
explorations  measurements  should  be  made  of  the  temperature  of  any 
deep  well,  or  natural  spring  having  a  considerable  flow.  He  thought  in 
this  way,  judging  by  his  experience  in  England,  that  a  good  guess  might 
be  made  at  the  mean  annual  temperature  of  the  place. 

Dip  Observations 
§  g.  There  are  amongst  the  magnetic  papers  a  goixl  many  notes  of 
dip  observations.  They  mostly  refer,  however,  to  comparisons  made  of 
different  needles — e.g.  "Royal  Society's  needle"  and  "father's  (Lord 
Charles  Cavendish's)  inverting  needle."  which  are  hardly  of  general 
interest.  Certain  of  the  comparisons  seem  to  have  been  made  at  the 
"Royal  Society's  House,"  which  as  a  place  of  observation  seems  to  have 
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suffered  from  the  presence  of  "  Dr  Knight's  magnets'."  One  of  the 
of  comparisons  seems  worth  recording,  as  it  was  on  an  elaborate  scale, 
and  was  carried  out  in  the  garden  of  Lord  Charles  Cavendish's  house  in 
Great  Marlborough  Street,  a  presumably  undisturbed  place.  The  date  was 
1775.  The  details  are  of  interest  as  showing  the  accuracy  reached  at  the 
time  in  the  construction  of  dip  needles. 

Tabl£  VI.    Dip  observations  in  London  in  1773,  with  various  needles^ 

Mark  upwards 
Instmxceiit  ^cmg 


<rf  needle  East  West 


Royal  Society's 

72  46 

71  59 

Naiine's 

72  54 

72  28 

"My  new  needle" 

72  34 

72  20 

"My  old  needle" 

71  40 

73  53 

Naime's  new  needle 

73    8 

72    0 

Sisson's 

73    I 

71  49 

InstnuDcnt  i»£xa% 

Tme 

East 

West 

dip 

•      • 

72    8 

72  4fi 

72  a3 

71  45 

73  21 

7a  37 

71  41 

73  23 

72  30 

72  19 

72  19 

7a  33 

73  15 

71  57 

7a  35 

71  57 

73    0 

72  xj 

72  40        72  25  72  II        72  47  72  31 

In  most  cases  several  observ*ations  seem  to  have  been  taken  with  each 
needle,  the  days  of  obser\"ation  including  October  10,  11,  13  and  14,  1775. 
But  the  last  needle,  by  Sisson,  was  tried  at  a  different  time,  Apnil  15,  1775, 
and  only  the  final  means  are  given  in  its  case. 

The  observations  being  in  the  garden  were  doubtless  taken  by  daylight, 
and  so  presumably,  considering  the  season  of  the  year,  not  ver}*  far  from 
noon.  The  total  range  of  the  regular  diurnal  variation  in  October  is, 
however,  on  the  average  only  about  I'J,  so  the  precise  hour  is  of  minor 
importance.  At  the  same  time  there  is  always  the  possibility  of  magnetic 
disturbance.  Thus  the  differences  between  the  different  needles  shown  by 
the  table  are  more  likely  to  be  over-estimates  than  imder-estimates.  There 
is  no  explicit  statement  as  to  whether  the  needles  were  all  tried  in  the  same 
dip  circle.  If  they  were  tried  in  the  same  circle,  the  differences  between  the 
results  obtained  ^*ith  the  circle  facing  east  and  west  were  in  considerable 
measure  due  to  the  needles  themselves.  They  are  larger,  but  still  not  so 
very  much  larger,  than  the  differences  one  gets  ^ith  modem  instruments. 

The  MSS.  include  particulars  of  obserx^ations  made  apparently  in  the 
Royal  Society's  House  in  1775,  1776  and  1778.  Observations  in  all  three 
cases  were  taken  at  7  a.m.,  noon,  2  p.m.  and  10  or  11  p.m.,  on  a  number 
of  successive  days.  On  each  occasion  the  needle  ^'as  read  only  with  the 
one  end  dipping  and  with  the  circle  in  only  one  position.  But  on  different 
occasions  the  position  of  the  circle  was  varied,  and  the  pole  which  dipped 

^  Mr  Harrison,  when  Assistant  Secretarv-  Royal  Society,  informed  me  that  these 
magnets  after  being  kept  in  the  Royal  Society's  custody  for  about  xoo  yeaxs 
eventually  transferred  to  the  South  Kensington  Museunu 
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was  altered,  so  that  the  earlier  and  later  observations  of  the  series  were 
made  with  different  poles  dipping.  It  was  thus  possible  to  obtain  from  the 
series  as  a  whole  a  final  mean  value  for  the  dip  fairly  representative  of 
what  would  have  been  got  if  complete  observations  with  both  poles 
dipping  and  with  the  circle  facing  both  east  and  west  had  been  made  on 
each  occasion.  The  observational  mean  thus  found  in  1775,  72°  3o'-2,  was 
brought  up  to  72°3i'j  by  the  application  of  a  correction  of  +  i'*3  to 
allow  for  the  disturbing  effect  apparently  of  Dr  Knight's  magnets.  The 
observations  extended  from  June  19  to  July  4,  and  included  in  all  64 
separate  readings,  16  at  each  hour.  The  mean  from  the  four  hours  com- 
bined ought  to  be  nearly  free  from  accidental  results,  but  the  means  for 
the  separate  hours  seem  affected  by  considerable  probable  errors.  A  mean 
derived  from  the  four  hours  of  the  day  selected  might  be  expected  to 
exceed  the  true  mean  for  the  day.  but  only  by  about  o'-i. 

The  data  for  1776  were  similar  in  character,  the  only  difference  being 
that  the  last  hour  of  observation  was  11  p.m.  instead  of  10  p.m.  The 
observations  in  this  case  extended  from  June  21  to  July  7.  There  were 
at  least  two  observers,  one  of  whom  described  as  "Young  Rob(erton) " 
was  apparently  regarded  as  the  more  reliable.  The  final  mean  derived 
from  his  observations  alone  was  72°  30'.  The  mean  when  all  the  observa- 
tions were  included  seems  to  be  the  same.  Cavendish  says  72"  31',  but 
the  difference  was  apparently  due  to  an  arithmetical  error  which  he 
subsequently  corrected. 

In  1778  the  last  hour  of  observation  was  sometimes  10  and  sometimes 
II  p.m.  In  other  respects  the  procedure  was  apparently  the  same  as  in 
1775  and  1776.  The  sheet  itself  gives  only  the  four  mean  results  derived 
from  the  east  and  west  positions  of  the  circle  and  the  two  poles  dipping. 
The  final  mean  from  the  four  combined  is  72°  26'.  In  the  case  of  the  1776 
and  1778  observations  nothing  is  said  as  to  any  correction. 

About  this  time  it  is  known  from  other  sources  that  Cavendish  was  in 
general  charge  of  the  magnetic  and  meteorological  observations  carried 
on  at  the  Royal  Society's  House.  The  results  of  these  observations  were 
published  from  time  to  time  in  the  Philosophical  Transactions,  from  which 
I  have  extracted  the  following  particulars,  including  all  I  could  find  for 
the  inclination: 

Table  VII.    Dip  in  London  at  Royal  Society's  House. 


Year 

Mean  dip 

1775 

72  30 

1776 

72  30 

1777 

72  25 

1778 

72  26 

1779 

72  2t 

1780 

72  17 
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The  results  given  here  for  1776  and  1778  are  identical  with  those  given 
above,  and  the  same  is  also  true  of  1775  if  the  correction  made  on  account 
of  Dr  Knight's  magnets  is  omitted.  It  will  be  noticed  that  the  result 
obtained  for  1775  in  the  Ro3ral  Society's  House  agrees  closely  with  the 
mean  which  Cavendish  himself  obtained  from  observations  with  six 
needles  in  the  garden  of  the  house  in  Great  Marlborough  Street  during 
the  same  year.  This  encourages  the  hope  that  the  results  obtained  at  the 
Royal  Society's  House  give  a  fairly  reliable  indication  of  the  true  dip  in 
London,  and  of  its  secular  change  from  1775  to  1780.  It  would  seem  to 
have  been  decreasing  at  the  rate  of  about  2' J  per  annum. 

The  only  later  systematic  results  which  I  have  observed  in  the  MSS. 
were  obtained  in  1791  with  two  needles  by  Naime,  described  as  "thick" 
and  "thin"  respectively,  and  one  by  Sisson.  The  observations  with  the 
two  Naime  needles  were  made  on  August  4  and  7,  those  with  the  Sisson 
needle  on  October  2.  Judging  by  the  differences  in  the  several  positions, 
the  Sisson  needle  was  the  same  as  that  similarly  described  in  Table  VI. 
The  Naime  needles  may  also  have  been  the  same  as  figured  in  Table  VI, 
but  that  seems  more  doubtful.  The  mean  dips  given  by  the  three  needles 
were  respectively  71°  45'J,  71°  43'  and  71°  50',  the  final  mean  from  the 
three  being  71**  46'.  If  we  combine  this  with  the  mean  derived  for  1775 
from  all  the  needles  in  Table  VI  we  deduce  a  fall  of  45'  in  16  years,  or  an 
average  fall  of  2 '-8  per  annum. 

Other  dip  observations  possessing  a  present  day  interest  are  some 
taken  on  a  limited  magnetic  survey  which  Cavendish  conducted  during 
1778.  He  observ^ed  in  London  before  and  after  his  journey,  in  the 
course  of  which  he  took  dip  observations  at  Oxford,  Birmingham, 
Towcester,  St  Ives  and  Ely.  The  observations  in  London  were  taken 
on  August  8,  10,  19  and  22,  in  a  garden  (probably  that  of  the  house 
in  Great  Marlborough  Street).  At  Oxford  the  observations  were  made 
on  August  14  "in  garden  of  Observatory."  The  observations  in  Bir- 
mingham followed  on  the  15th  "in  bowling  green."  The  observations 
at  Towcester  and  St  Ives  were  apparently  made  both  on  the  17th,  the 
former  in  a  garden,  the  latter  in  a  room.  The  observations  at  Ely 
were  made  on  the  i8th  in  a  gafden.  The  place  of  observation  at  St 
Ives  was  not  altogether  satisfactory,  owing  to  the  proximity  of  iron. 
Observations  made,  however,  in  two  positions,  one  considerably  nearer 
the  disturbing  object  than  the  other,  differed  by  only  2',  so  the  disturbing 
effect  was  presumably  very  small.  Two  needles  described  respectively  as 
"new"  and  "old"  were  employed;  but  on  return  to  London  "the  balancing 
screws  were  found  to  be  loose"  in  the  "old"  needle,  and  results  obtained 
with  it  were  discarded.  Cavendish  gives  the  dip  observed  at  each  station, 
its  difference  from  the  London  dip,  and  the  difference  of  the  geographical 
coordinates  of  the  place  from  London.  His  figures,  with  information  as 
to  the  apparent  change  in  dip  between  1778  and  1891,  obtained  by  com- 


Dip  observations 


469 


paring  Cavendish's  figures  with  those  obtained  by  Riicker  and  Thorpe, 
appear  in  the  foDowing  table: 

Table  VIII.    Observations  of  dip  in  London  and  elsewhere  in  1778. 

DiSereoce  Irom  I^ondoa 


London 
OxJonl 
Towcester 

72  19 

72  48 

73  « 

Stives 

Ely 

Birniingham 

72  35 

72  41 

73  5 

36 

48 


58 


4  52 

4  56 
458 

4  43 
4  50 


In  comparing  the  results  for  1778  and  1891  it  must  be  remembered 
that  the  actual  sites  occupied  by  Cavendish  and  by  the  observers  in 
Riicker  and  Thorpe's  survey  were  not  the  same.  Even  a  small  distance 
between  the  sites  occupied  might  mean  several  minutes  in  the  dip.  The 
differences  between  the  latitudes  and  those  of  London  given  by  Ca\'endish 
agree  fairly  well  with  those  assigned  by  Riicker  and  Thorpe  to  the  places 
of  the  same  name,  if  we  suppose  "London"  to  be  at  about  51°  31',  or 
about  3'  north  of  the  mean  latitude  of  Greenwich  and  Kew.  Thus  in 
taking  a  mean  value  from  Kew  and  Greenwich  as  the  "London"  value 
for  1891  we  should  do  fairly  well.  The  longitude  differences  however 
given  by  Cavendish  would  seem  to  require  "London"  to  be  very  nearly 
in  the  meridian  of  Greenwich,  whereas  the  supposed  site  was  about  10' 
west. 

Taking  a  mean  from  the  five  places  for  which  secular  change  data  are 
available  we  find  4"  52',  a  result  identical  with  that  obtained  from  London 
alone.  This  gives  2'-6  for  the  average  annual  fall  from  1778  to  1891,  but 
we  know  that  between  i860  and  1891  the  average  rate  in  London  was 
only  about  two-thirds  of  this,  so  for  part  of  the  time  it  must  have  been 
considerably  more  rapid. 

Cavendish  did  not  content  himself  with  merely  obtaining  the  observa- 
tional results,  but  drew  the  following  inference  as  to  the  direction  of  the 
isoclinal  lines  {i.e.  lines  of  equEil  dip) : 

By  comparing  London,  Ely  and  Oxford  dip  should  increase 
30'  by  going  i"  to  north, 

18'  ,.       west; 

according  to  which  supposition 

dip  at  Birmingham  should  be  bz'\  greater  than  at  London, 
„    „    Towcester  „       „   36'        ,.  „     ,. 

Therefore  lines  of  equal  dip  should  seem  to  run  about  44°  to  south  of  west  and 
dip  should  increase  about  42'  by  going  i*  to  N.W. 


4 


«  1 «  I    ■  ^. 


470  Unpublished  Papers 

Acceptix^  Cavendish's  figures  for  the  longitude  and  latitude 
and  emf^ying  the  method  of  least  squares,  I  get  the  following  results: 

Employing  all  the  data,  change  of  24' per  i'  Lat.  andof  i6'per  i^Loag. 
Omitting  St  Ives,  change  of  2/  per  i"^  Lat.  and  of  15'  per  i^  hong. 

If,  confining  ourselves  to  London,  Ely  and  Oxford,  we  suppose  the  longi- 
tude of  Lctfidon  10'  in  excess  of  the  \'alue  assigned  by  Cavendish  we  obtain 
larger  changes,  viz.  34'  per  i"^  Lat.  and  21'  per  i^  Long.  As  it  so  happens, 
however,  the  differences  between  the  directions  deduced  for  the  isocHnals 
from  these  several  sets  of  figures  amount  to  only  a  few  degrees.  All  make 
the  isoclinals  run  approximately  N.E.  and  S.W. 

If  we  take  Rucker  and  Thorpe's  figures  for  their  districts  III  and  IV, 
which  seem  the  nearest  comparable,  we  find  their  isoclinals  running  only 
about  16^  north  of  east. 

The  number  of  Cavendish's  stations  would  not  warrant  any  great 
confidence  in  the  accuracy  of  his  result.  The  dip  and  declination  results, 
however,  appropriate  to  1778  are  at  least  consistent  with  a  considerably 
more  southern  position  of  the  north  magnetic  pole  than  that  obtaining 
in  1 89 1,  so  we  should  expect  a  difference  between  the  isoclinals  at  the 
two  epochs  in  the  direction  which  Cavendish's  figures  show. 

Diurnal  Variatiok  of  Dip 

§  10.  According  to  E.  Walker's  Terrestrial  and  Cosmical  Magnetism, 
p.  170,  the  existence  of  a  regular  diurnal  variation  in  the  dip  was  first 
announced  by  Arago  in  1827.  Using  a  modem  dip  circle,  an  ordinary 
observation  of  dip  with  a  single  needle  occupies  some  20  minutes,  and 
consists  usually  of  16  or  more  readings  of  each  end.  The  acciuracy  expected 
is  at  the  best  of  the  order  ±  i\  With  a  circle  and  needle  in  one  position, 
two  independent  readings  taken  in  immediate  succession  differ  more  often 
than  not,  the  difference  not  infrequently  exceeding  3'.  Unless  an  observer 
were  to  remain  almost  steadily  at  work,  the  determination  of  the  diurnal 
variation  by  complete  sets  of  observations  would  hardly  be  feasible.  Single 
readings  taken  in  one  position  of  the  circle,  wth  one  end  only  of  the  needle 
dipping,  will  not  give  the  true  dip;  but  the  differences  between  them  are 
obviously  capable  of  giving  the  diurnal  variation,  if  a  sufficiently  high 
standard  of  accuracy  is  attainable.  Accident,  however,  is  likely  to  play 
too  large  a  part,  unless  the  observations  extend  over  a  large  niunber  of 
days. 

It  is  difficult  to  imagine  any  object  in  taking  a  large  nimiber  of 
observations  at  stated  hours  of  the  day,  other  than  the  investigation  of 
the  diurnal  variation.  A  good  many  pages  of  Cavendish's  manuscripts 
contain  such  observations,  and  it  is  thus  reasonable  to  suppose  that  he 
definitely  wished  to  find  out  whether  a  diurnal  variation  did  or  did  not 
exist.   We  know  that  the  subject  had  been  mooted  in  his  day,  because 
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Walker,  loc.  cit.,  p.  i6g,  tells  us  that  Gilpin,  a  contemporary  of  Cavendish's, 
had  definitely  pronounced  against  a  diurnal  variation. 

In  some  of  the  earlier  pages  of  the  MS.  there  are  notes  of  dip  observa- 
tions, sometimes  as  many  as  eight  <»  nine,  made  at  intervals  throughout 
one  and  the  same  day.  At  first  these  showed  differences  amongst  themselves 
of  15'  or  20',  the  differences  occurring  in  too  erratic  a  way  to  be  natural 
phenomena.  Some  improvements  of  instrument  or  method  must  have 
been  introduced,  because  in  the  later  pages  of  the  MS.  the  differences  are 
less,  and  the  latest  observations  of  the  kind,  which  alone  are  allotted  to 
a  definite  year,  1775,  show  remarkably  small  differences.  The  observations 
were  taken  with  a  "new"  needle  in  the  months  of  August.  September, 
October  and  November.  There  was  usually  one  morning  observation 
between  gj  h.  and  rrj  h.,  and  an  evening  observation  between  19  h.  and 
20  h.,  or  between  23  h.  and  24  h.  Sometimes  there  were  evening  observa- 
tions at  both  these  times,  and  more  than  one  morning  observation. 
There  were  also  occasional  observations  between  14I  h,  and  i6i  h.  The 
choice  of  hours  varied  frtim  day  to  day. 

We  know  now  that  in  London  the  dip  in  the  months  August  to  October 
is  at  a  maximum  about  10  h.,  and  the  change  between  9  h,  and  11  h.  is 
small.  Again  the  minimum  occurs  in  the  late  evening,  and  there  is  little 
variation  between  19  h.  and  24  h.  Thus  the  hours  selected  by  Cavendish 
for  his  observations  suggest  that  he  had  recognised  the  existence  of  a 
diurnal  variation,  and  knew  approximately  the  usual  times  of  maximum 
and  minimimi.  There  is.  however,  no  direct  evidence  of  this,  and  all  we 
can  now  do  is  to  show  that  his  observations  of  1775  constitute  practically 
a  demonstration  of  the  existence  of  a  sensible  diurnal  variation. 

Taking  all  the  days  in  which  there  were  both  morning  and  evening 
observations,  and  forming  the  difference  between  each  morning  and  evening 
observation  of  the  same  day,  I  got  14  such  differences  in  August,  13  in 
September,  6  in  October  and  2  in  November.  The  sum  of  the  excesses  of 
the  morning  over  the  evening  reading  in  these  35  cases  amounted  to 
+  66',  giving  a  mean  excess  of  +  i'-8g.  Tlie  difference  was  negative  in 
only  four  cases.  The  largest  single  difference  was  only  +  7'.  and  only 
three  other  differences  exceeded  +  4'.  If  we  take  the  ordinary  day  dip 
results  for  Kew,  from  the  mean  of  the  11  years  1890  to  1900,  and  calculate 
a  moming-aftemoon  difference,  or  as  we  shall  call  it  a  "range,"  from 

i  {{10)  +  (ij))  -  i  {(19)  +  (20)  +  (23)  +  (24)), 

where  (ro).  for  instance,  signifies  the  dip  at  10  h.,  we  get  +  I'-gz  for 
August,  +  i'73  for  September,  +  i''48  for  October  and  +  o''68  for 
November.  If  we  derive  a  final  mean  range  from  these  four  results,  by 
weighting  the  August,  September,  October  and  November  values  in  the 
ratio  14  :  13  :  6  :  z,  corresponding  with  the  numbers  of  Cavendish's 
observations,  we  get  +  I'-yi.   Results  vary  in  reality  from  year  to  year. 
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according  to  sun-spot  frequency,  the  differences  between  successive  years 
being  often  much  larger  than  o'-iS.  Thus  the  range  given  by  Cavendish's 
observations  has  not  merely  the  right  sign,  but  is  also  of  the  right  order 
of  magnitude.  His  observations  in  October  and  November,  when  the  true 
range  is  reduced,  gave  very  small  differences,  which  practically  neutralised 
one  another.  If  we  had  confined  ourselves  to  his  August  and  September 
observations,  we  should  have  got  for  the  mean  excess  of  the  morning 
reading  -f  2''56,  and  in  no  single  case  would  the  evening  reading  have 
exceeded  the  morning  reading  on  the  same  day. 

Observations  of  Magnetic  Decunation 

§  II.  Cavendish's  wotk  on  magnetic  declination  includes  a  certain 
amoimt  of  discussion  of  instrumental  details,  and  a  certain  amoimt  of 
instrumental  comparison,  but  it  is  mainly  concerned  with  the  results  of 
systematic  observations.  With  regard  to  instnunents,  it  seems  only 
necessary  to  remark  on  the  importance  he  attached  to  inverting  the 
needle,  so  as  to  eliminate  any  coUimation  error  (i.e.  error  arising  from 
non-coincidence  of  the  magnetic  axis  and  the  sighted  line).  Several  de- 
tached sheets  of  MS.  give  particulars  of  mean  annual  values  of  declination 
deduced  from  the  observations  taken.  For  1782  and  later  years  there  are 
in  addition  full  particulars  of  the  individual  observations.  There  do  not 
seem,  however,  to  be  any  such  particulars  for  the  earUest  series  of  observa- 
tions included  in  the  following  table: 

Table  IX.    Magnetic  DecUnation  in  Cecil  Street. 


Year 

Period  of  observation 

Declination  (West) 

1759 

June  25  to  August  5 

0                     ' 

18  53-9 

1766 

August 

20    o-o 

1767 

October 

20  22*0 

1768 

August 

20  34-5 

1769 

October 

20  44'0 

In  the  sheet  containing  these  results  Cavendish  says  with  reference  to 
the  year  1759: 

The  variation  (i.e.  declination)  by  a  mean  of  about  300  observations  made 
in  Cecil  Street  from  June  25  to  August  5  was  19**  2o'-9.  By  two  observations 
made  at  the  same  hours  on  different  days  by  Dr  Bradley  at  Greenwich  and 
myself  in  Cecil  Street  it  appeared  that  my  meridian  was  not  correct,  and  that 
I  made  the  variation  27'  too  westwardly.   The  true  variation  therefore  was 

18^  53'-9. 

This  latter  is  the  value  given  in  Cavendish's  table  from  which  Table  IX 
is  copied.  It  is  added  that  the  result  for  1766  was  "  by  a  correct  meridian." 
Cavendish  further  mentions  that  for  1767  and  1768  Mr  Canton  got  20**  38' 
and  20®  50'  respectively — values  in  excess  of  Cavendish's  by  about  16' — 
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but,  relerring  apparently  to  1769.  he  adds  "Mr  Canton  told  me  that  he 
had  just  found  that  his  meridian  had  been  incorrect  ever  since  the  year 
1765,  and  that  he  had  now  corrected  it,  and  that  he  made  the  variation 
exactly  the  same  this  year  as  mine." 

One  cannot  but  feel  some  doubt  whether  at  this  early  date  Cavendish 
fully  realised  that  declination  may  be  expected  to  vary  somewhat  at  places 
only  a  few  miles  apart.  He  leaves  it  uncertain  whether  the  simultaneous 
observations  taken  by  himself  and  Dr  Bradley  were  astronomical  or 
magnetic.  It  is  only  in  the  former  case  that  rehance  could  be  placed  on  the 
deduction  he  drew  as  to  an  error  in  his  assumed  meridian.  If  the  difference 
between  the  declination  at  Cecil  Stretrt  and  Greenwich  was  half  as  large 
in  1759  as  that  between  Kew  and  Greenwich  now  is,  it  would  amount  to 
about  12'.  Without  knowing  what  manner  of  man  Mr  Canton  was.  one 
cannot  be  certain  that  his  discovery  that  his  meridian  was  in  error  by  the 
precise  amount  which  brought  his  results  into  agreement  with  Cavendish's, 
was  wholly  uninfluenced  by  his  recognition  of  Cavendish's  abihty'.  In 
any  case,  presumably,  we  may  assume  that  Cavendish  adhered  throughout 
to  the  meridian  he  finally  adopted  in  1759,  so  that  the  result  his  figures 
give  for  the  secular  change,  viz.  +  1°  50'-!  in  ten  years,  or  an  average  of 
+  ii'-o  per  annum,  is  probably  pretty  exact.  This,  it  need  hardly  be 
said,  is  an  unusually  high  value. 

Judging  by  the  number  of  observations,  some  300,  made  in  1759  in 
about  six  weeks.  Cavendish  must  then  have  observed  much  more  fre- 
quently throughout  the  day  than  he  did  in  later  years.  His  earlier  work 
probably  disclosed  to  him  the  general  character  of  the  diurnal  variation, 
and  guided  him  in  the  selection  subsequently  made  of  observation  hours. 

The  same  sheet  includes  certain  later  data  for  Pall  Mall,  viz.  21°  13' 
for  August  and  September  1774  and  21°  24'-5  for  July  1775.  These  were 
presumably  taken  not  by  Cavendish  himself,  but  probably  by  Dr  Heberden. 

'  Mr  John  Canton,  the  son  of  a  broad*cloth  weaver,  was  bom  at  Stroud  in  1718. 
Coming  up  to  London  in  1737,  he  became  an  assistant  in  the  well-known  Academy 
in  Spital  Square  of  which  he  ultimately  became  head-master.  He  died  in  1772  in 
the  54th  year  of  his  age.  He  is  described  as  "a  man  of  very  genteel  and  modest 
behaviour"  who  "gained  the  respect  and  acquaintance  of  the  most  eminent  philo- 
sophers of  bis  time."  He  was  elected  into  the  RoyaJ  Society  in  1751.  and  received 
the  Copley  MedaJ  the  same  year  for  his  paper  {Ph\l.  Trans.  Vol.  47,  p.  31)  on  "A 
Method  of  making  Artificial  Magnets."  He  afterwards  served  on  the  Council  for 
which  he  was  again  chosen  on  two  subsequent  occasions.  He  was  the  first  in  England 
to  repeat,  in  1752,  Franklin's  experiment  of  "drawing  electric  fire  from  the  clouds 
during  a  thunder-storm."  In  1762  he  was  again  awarded  the  Copley  Medal  for  his 
work  on  the  Compressibility  of  Water  {Phtl.  Trans.  Vol,  $2,  p.  640),  He  contributed 
several  papers  on  tilectricity  and  Magnetism  to  the  Phit.  Traits.  He  was  a  member 
of  a  Committee  appointed  by  the  Royal  Society  to  consider  the  best  means  of 
protecting  St  Paul's  Cathedral  from  lightning,  and  his  name  is  associated  with 
the  phosphorescent  substance  he  prepared  by  calcining  oyster  shells  with  sulphur, 
[Editor.] 
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to  whom  Cavendish  later  refers  as  observing  in  PaU  MaU'.  One  would  also 
infer  that  Cavendish  was  indined  to  apply  a  correction  of  -i-  I5'*5  to  the 
Pall  Mall  results. 

The  sheets  already  referred  to  in  §  9  containing  particulars  of  dip  results 
during  1775,  1776  and  1778  in  the  Royal  Society  House  also  contain 
particulars  of  corresponding  declination  observations.  These  were  taken 
at  the  same  hours  as  the  dip  observations,  viz.  at  7  a.m.,  noon.  2  p.m. 
and  10  or  II  p.m.  The  mean  from  these  four  hours  in  the  months  of 
June  and  July  would  at  the  present  epoch  in  the  average  year  be  about 
I ''4  in  excess  of  (i.e.  more  westerly  than)  the  true  mean  declination  for 
the  day. 

In  1775  observations  were  made  on  all  days  from  June  18  to  July  4 
inclusive.  The  mean  resulting  declination  was  21°  42'-9.  It  is  added  that 
the  instrument  had  no  error,  but  that  a  correction  of  about  2'-8  was 
necessary  to  allow  for  the  effect  of  Dr  Knight's  magnets,  bringing  the 
declination  up  to  21°  45'-7. 

In  1776  tlie  observations  extended  from  June  21  to  July  7,  and  the 
resulting  mean  was  21°  47'.  Nothing  is  said  as  to  the  necessity  for  any 
correction. 

In  1778  the  observations  extended  from  June  29  to  July  13.  The 
mean  for  the  uncorrected  readings  was  22°  20',  but  on  a  separate  sheet 
a  correction  of  —  9'  on  account  of  instrumental  error  is  applied,  bringing 
the  value  down  to  22"^  11'. 

The  Philosophical  Transactions  gives  the  mean  values  observed  at  the 
Royal  Society's  House  for  the  years  1774  to  1780.  The  values  it  gives 
for  1775  and  1776  are  identical  with  the  above,  if  we  omit  the  correction 
of  2'-8  on  account  of  Dr  Knight's  magnets  in  1773.  But  the  value  assigned 
to  1778  is  only  21°  55'-3,  while  the  values  assigned  to  1777,  1779  and  1780 
are  respt^ctively  22^  12',  22°  4'-5  and  22""  41'.  These  fluctuations  are  such 
as  to  preclude  the  possibility  of  high  accuracy  in  the  results. 

From  1782  to  1809  Cavendish  made  a  practice  of  taking  daily  declina- 
tion observations  throughout  one  or  more  of  the  summer  months.  During 
the  earlier  years  1782  to  1785  these  observations  were  taken  at  his  residence 
in  Hampstead,  but  in  1786  and  later  years  at  Clapham,  where  he  had  gone 
to  live.  In  the  earlier  years  the  number  of  the  daily  observations  varied 
considerably,  being  sometimes  only  two,  but  frequently  from  five  to  eight. 
One  of  the  observations  was  usually  at  an  hour  nor  far  from  8  a.m.,  and 

*  Dr  William  Heberden,  eminent  as  a  physician,  was  a  Fellow  of  St  John's 
College,  Cambridge.  He  practised  in  the  University  for  some  years  and  subsequently 
repaired  to  London  when  he  was  elected  into  the  Royal  Society.  He  is  best  known 
as  a  medical  writer,  and  was  the  first  to  give  '*a  clear  and  satisfactory  account  of 
that  painful  thoracic  disease  called  Angina  pectoris."  He  possessed  "a  liberal  and 
enlightened  mind,  a  refined  and  classical  taste,  and  an  uniform  complacency  of 
disposition."   He  died  in  1801  at  the  age  of  91.   [Editor.] 
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another  between  ncMMi  and  2  p.m.,  and  there  was  frequently  an  observation 
late  at  night  near  10  or  1 1  p.m.  In  the  later  years  there  were  usually 
only  two  observations,  and  not  infrequently  only  one  each  day,  and  the 
hours  became  much  more  uniform.  At  the  same  time  observations  tended 
to  be  slightly  earlier  in  the  day  in  some  years  than  in  others. 

In  the  earlier  years  Cavendish  took  the  largest  and  least  of  the  daily 
readings,  irrespective  of  when  these  occurred,  and  formed  them  into  two 
separate  groups.  From  the  mean  of  the  greatest  and  the  mean  of  the  least 
he  derived  a  mean  which  he  regarded  as  a  measure  of  the  declination, 
except  for  instrumental  error.  During  part  of  the  time  he  observed  with 
the  marked  face  of  his  needle  up,  and  during  the  remainder  of  the  time 
with  the  marked  face  down.  Combining  the  mean  reading  mark  up 
(representing  the  mean  of  the  corresponding  greatest  and  least  readings) 
with  the  mean  mark  down,  he  obtained  his  final  value  for  the  declination. 
The  greatest  reading  practically  always  was  a  reading  taken  between  noon 
and  2  p.m.,  and  the  least  reading  was  in  the  great  majority  of  instances 
observed  between  7  a.m.  and  9  a.m.  Again  in  the  earlier  years  the  needle 
was  inverted  at  a  purely  arbitrary  date,  or  dates,  no  distinction  being 
drawn  between  days  in  different  months.  For  instance  in  1782  observa- 
tions commenced  on  June  26  with  mark  upwards.  The  needle  was  inverted 
on  July  4,  and  again  on  July  16.  The  observations  from  June  26  to  July  4, 
and  from  July  16  to  26,  were  combined  in  one  group  representing  mark 
up,  while  thtee  from  intermediate  days  represented  mark  down.  One 
final  mean  was  then  obtained  representing  the  whole  scries  of  observations. 

After  1788  it  was  usual  to  form  more  tlian  one  mean,  but  still  during 
a  good  many  years  without  regard  to  calendar  months.  Thus  in  1789  the 
days  of  observation  formed  three  groups,  the  first  including  April  23  to 
May  15,  the  second  May  15  to  June  5  and  the  third  June  5  to  June  27. 
By  that  time  Cavendish  seemed  to  have  assured  himself  that  in  his  own 
instrument  the  ditference  between  mark  up  and  mark  down  was  insigni- 
ficant, and  whilst  in  every  year  the  needle  was  inverted  at  least  once,  he 
did  not  apparently  consider  it  essential  to  have  mark  up  and  mark  down 
readings  represented  in  every  mean.  Thus  in  1789  all  the  readings  between 
April  23  and  May  15,  and  again  all  those  between  June  5  and  June  27 
were  taken  with  mark  down,  while  those  taken  between  May  15  and 
June  5  were  taken  with  mark  up.  Thus  two  of  his  three  groups  repre- 
sented mark  down  exclusively  and  only  one  mark  up,  but  in  forming  a 
mean  for  the  year  he  gave  equal  weight  to  each  of  the  three  groups. 

For  1800  and  later  years  Cavendish  in  forming  his  groups  recognised 
the  calendar  months,  and  it  is  not  clear  whether  for  a  considerable  number 
of  years  previously  he  had  made  a  practice  of  inverting  his  needle  or  not. 

In  the  latter  part  of  1803  Cavendish  got  a  new  instrument,  and  later 
he  seems  to  have  come  to  the  conclusion  that  the  results  he  obtained  with 
it  in  1804  and  1805  were  unreliable.    At  all  events  he  does  not  include 
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mean  results  from  those  years  in  his  tables.  From  1806-9  ^^  adopted  a 
considerably  more  elaborate  method  of  reduction,  which  experiments 
made  on  his  new  compass  had  shown  to  be  expedient.  This  involved 
readings  with  the  mark — or  as  he  then  called  it  "knob" — ^both  up  and 
down. 

The  ordinary  procediu^e  became  eventually  a  reading  about  8  a.m. 
called  a  "morning"  reading,  and  a  reading  about  i  p.m.  called  an 
"afternoon"  or  "evening"  reading.  Means  were  derived  from  morning 
and  evening  readings  grouped  separately,  and  then  a  final  mean  from  the 
morning  and  evening  means.  The  change  of  terminology  from  "greatest" 
and  "least"  to  "morning"  and  "evening"  seems  to  have  occurred  in 
1799,  but  the  approach  to  a  uniform  practice  of  morning  and  afternoon 
readings  was  made  gradually,  anterior  to  that  date. 

The  time  of  the  "least"  or  "morning"  reading  tended  on  the  whole 
to  become  later,  but  fluctuated  from  year  to  year.  It  averaged  in  1782 
about  7  h.  45  m.,  in  1786  about  8  h.  10  m.,  in  1790  about  8  h.  40  m.,  in 
1795  about  8  h.  10  m.,  in  1800  about  8  h.  20  m.,  and  in  1805  about 
8  h.  30  m.  During  the  subsequent  years  it  was  about  8  h.  30  m.,  but  in 
1809  was  8  h.  50  m. 

The  time  of  the  "greatest"  or  "evening"  reading  varied  a  good  deal 
on  individual  days  in  the  earlier  years,  but  the  average  time  did  not 
fluctuate  very  widely.  It  was  in  1782  about  1.30  p.m.,  the  same  in  1786, 
in  1790  about  i  p.m.,  in  1795  about  1.30  p.m.,  in  1800  about  1.40  p.m., 
but  in  1801  and  1802  about  i  p.m.  In  1805  and  later  years  the  time  was 
very  imiform  at  about  i  p.m. 

The  maximum,  i.e.  extreme  westerly  value,  in  the  regular  diurnal 
variation  of  declination  occurs  in  London  between  i  and  2  p.m.  g.m.t., 
the  whole  year  round.  Near  the  hour  of  maximum  the  rate  of  change  is 
very  small,  and  thus  the  fluctuation  in  the  time  of  Cavendish's  afternoon 
reading  would  have  little  effect. 

The  time  of  the  minimum  in  the  diurnal  variation  is  more  variable. 
Near  midwinter  the  forenoon  minimum  is  as  late  as  9  a.m.,  but  from 
May  to  September  it  occurs  at  7  a.m.,  or  at  least  nearer  7  than  8  a.m. 
Thus  even  in  the  years  when  Cavendish's  morning  observations  were 
earUest  the  minimum  was  already  past  on  the  average  day,  and  in  the 
years  when  his  observations  were  latest  the  rise  since  the  minimum  was 
quite  appreciable. 

Another  feature  of  the  diurnal  variation  is  that  it  is  not  symmetrical. 
The  maximum  departs  more  from  the  mean  for  the  day  than  does  the 
minimum.  The  consequence  of  this  will  be  more  clearly  apparent  on 
considering  the  following  results  representing  an  average  from  Kew  data 
of  the  eleven  years  1890  to  1900.  They  may  be  regarded  as  representative 
of  the  average  year  in  London  at  the  end  of  last  century,  and  there  is  no 
reason  to  suspect  any  very  large  change  in  such  a  phenomenon  as  the 
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general  character  of  the  regular  diumal  variation  in  the  course  of  a  single 
century. 

Table  X.    Influence  of  hours  of  observation  on  value  of  Dechnation. 

Excess  above  true  me&n  (or  the  day 


Mean  from  7  a.m.  and  i  p.m. 

.,    8 

..    9 


May 

0-9 
i-o 

17 


June 
0-5 


Jnly 
07 
0-9 
1-4 


Augnat  September 

1-3  17 

1-5  17 

2-2  2-3 


It  is  clear  that  the  mean  obtained  by  Cavendish  may  be  expected  to 
be  in  every  case  slightly  in  excess  of  the  true  mean.  i.e.  the  mean  that 
would  be  obtained  from  hourly  readings  extending  over  the  whole  day. 
Also  the  excess  wilt  naturally  be  larger  the  later  the  average  time  of  the 
morning  reading.  It  will  also  be  noticed  that  the  excess  may  be  expected 
to  be  a  minimum  in  June  and  to  increase  from  July  to  September.  It 
is  greater,  it  may  be  added,  in  years  of  many  sun-spots,  when  the  diumal 
range  is  specially  large,  than  in  years  of  few  sun-spots. 

Supposing  dechnation  to  be  increasing  at  the  time,  as  was  the  case 
during  the  years  of  Cavendish's  observations,  the  true  value  would 
naturally  increase  from  June  to  September.  We  should  thus  have  the 
natural  effect  and  the  observational  effect  conspiring  to  raise  the  apparent 
value  of  the  declination  from  one  month  to  the  next. 

One  pecuUarity  of  Cavendish's  treatment  remains  to  be  mentioned. 
In  a  minority,  but  still  not  a  negligible  minority  of  cases,  at  least  in  some 
months  and  years,  he  had  only  one  observation,  either  morning  or  evening, 
in  the  day.  These  single  observations  were  used  when  forming  the  morning 
and  evening  means,  i.e.  certain  days  were  represented  only  in  one  of  the 
two  categories.  It  may  seem  at  first  sight  that  this  is  immaterial.  It 
would  be  so  if  every  day  of  the  month  were  identical  with  every  other 
day,  but  this  is  not  the  case.  In  the  first  place  the  type  of  the  regular 
diiu'nal  variation  is  constantly  varying.  Thus  if  we  had  a  majority  of 
morning  observations  from  say  the  first  half  of  the  month,  and  a  majority 
of  evening  observations  from  the  second  half,  it  would  clearly  be  un- 
satisfactory. In  the  second  place,  there  is  the  uncertain  influence  of 
disturbance.  Only  five  hours  intervene  between  an  8  a.m.  and  a  i  p.m. 
observation  taken  on  the  same  day,  as  compared  with  19  hours  between 
a  1  p.m-.  and  an  8  a.m.  observation  on  consecutive  days.  The  influence  of 
disturbance  is  more  to  be  apprehended  in  the  second  case  than  in  the 
first. 

These  remarks  will.  I  hope,  explain  why  it  seemed  expedient  to  derive 
a  new  set  of  means  from  Cavendish's  observations,  treating  the  calendar 
months  separately,  and  including  only  those  days  when  there  were  both 
morning  and  afternoon  readings.  Table  XI  gives  Cavendish's  own  results, 
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ajid  Table  XII  the  new  results.  The  figures  in  Table  XI  are  not  in  every 
case  absolutely  identical  with  those  Cavendish  himself  gives.  In  some 
cases  I  came  across  arithmetical  slips,  which  it  seemed  well  to  correct. 
But  these  were  all  comparatively  trifling,  and  the  differences  from 
Cavendish's  figures  were  seldom  as  large  as  o'*2. 

In  Table  XI,  when  Cavendish  treated  all  the  data  of  the  year  together, 
obtaining  only  one  mean,  that  mean  appears  only  in  the  column  devoted 
to  the  mean  for  the  year.  In  all  other  cases  the  mean  for  the  year  is 
simply  the  arithmetic  mean  of  the  means  for  the  two  or  more  sub-periods 
under  which  Cavendish  grouped  his  observations.  These  yearly  means 
appeared  in  most  years  in  a  MS.  table  which  Cavendish  had  drawn  up. 
When  they  were  lacking  I  have  taken  the  arithmetic  mean  of  the  mean 
values  for  the  sub-periods,  as  being  the  method  approved  by  Cavendish. 
The  tendency  for  the  means  for  the  later  periods  to  exceed  those  from 
the  earlier  periods  of  the  same  year,  which  we  were  led  to  anticipate,  will 
be  readily  recognised.  There  are  in  fact  few  years  where  it  does  not 
manifest  itself. 


Table  XI.    Declination  Results  at  Hampstead  and  Clapham. 


Mean  decimation  from 


Groups  or 

Year 

Date 

months 
0       / 

Years 
0       # 

1782 

June 

26  to  July 

24 

22  36-8 

1783 

June 

24 

..  July 

15 

469 

1784 

May 

l6 

„  June 

23 

541 

1785 

May 

21 

..July 

10 

23    3-3 

1786 

July 

10 

„  August 

6 

125 

1787 

May 

4 

..  June 

6 

15-3 

1788 

May 

2 

,.  May 

29 

231 

1789 

April 

23 

.,  May 

15 

23  285 

>l 

May 

15 

„  June 

5 

315 

»» 

June 

5 

.,  June 

27 

303 

30-1 

1790 

May 

18 

„  June 

28 

366 

1791 

May 

20 

..  May 

31 

39-3 

%t 

June 

2 

„  June 

II 

391 

tt 

July 

2 

„  August 

3 

41-0 

39-8 

1792 

June 

16 

»  July 

8 

48-4 

it 

July 

8 

„  August 

3 

497 

t% 

August 

3 

..  August 

29 

50-3 

49-5 

1793 

July 

5 

..  July 

21 

52-1 

II 

July 

21 

„  August 

9 

53-8 

52-5 

1794 

June 

18 

»  July 

9 

55-8 

»» 

July 

10 

„  August 

12 

577 

II 

August 

12 

„  August 

37 

586 

57-4 
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Table  XL 

Declination 

Res 

ults  at  Han 

apsti 

^ad  and  Cla 

pham — ( 

Mean  declinatioi 

1  froir 

Groups  or 

Year 

Date 

months 

Years 

1795 

July 

7  to  July 

25 

0               ' 

56-2 

0 

r 

*» 

July 

26. 

,  August 

26 

59-0 

$9 

August 

27  . 

,  October 

I 

24    07 

586 

1796 

June 

28. 

.July 

27 

23  59-3 

>* 

July 

27  . 

,  August 

20 

24    0-6 

$» 

August 

20  , 

,  Septembei 

•21 

2-2 

24 

07 

1797 

July 

II  . 

,  August 

12 

0-8 

»» 

August 

12  . 

,  Septembei 

•  12 

24    1-6 

24 

1-2 

1798 

May 

29  . 

f  June 

23 

23  59-3 

»t 

June 

24  . 

.July 

31 

24    i-o 

ft 

July 

31  , 

,  August 

31 

2-6 

t$ 

September 

I  , 

,  October 

I 

37 

24 

1-6 

1799 

July 

12  , 

,  August 

24. 

0'6 

1800 

July 

2-6 

»f 

August 

41 

»» 

September 

4-5 

37 

1801 

June 

4-5 

»» 

July 

6-6 

»t 

August 

77 

f  1 

September 

8-6 

6-8 

1802 

June 

23  t 

0  July 

31 

7*o 

If 

August 

9-0 

»* 

September 

10- 1 

87 

1803 

June 

81 

tt 

July 

9-2 

t» 

August 

12-0 

$» 

September 

II-6 

IO'2 

1806 

August 

15-3 

If 

September 

i6-i 

157 

1807 

June 

i6-o 

If 

July 

165 

If 

August 

17-3 

16-6 

1808 

June 

24  15-4 

If 

July 

l6-2 

If 

August 

17-6 

ff 

September 

187 

24  17-0 

1809 

June 

i6-i 

ff 

July 

19-4 

If 

August 

24  19*6 

24 

i8-4 
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Table  XII 

.    Declination  ! 

Results  at 

Hampstead 

and  Cla] 

Namber  of  days 

Mean  declination 

For 

For 

Year 

Month            of  observation 

month 

year 

1782 

June 

4 

0            ' 

32  37-3 

IP                   ^ 

»l 

July 

20 

367 

22  36-8 

1783 

June 

6 

469 

»» 

July 

13 

468 

469 

1784 

May 

4 

54-3 

*» 

June 

5 

54-8 

54-6 

1785 

May 

5 

23     2-8 

>l 

June 

3 

4-2 

23    3-3 

1786 

July 

7 

12-5 

1* 

August 

2 

17-2 

135 

1787 

Hay 

23 

154 

If 

June 

3 

i6-o 

155 

1788 

May 

22 

227 

1789 

May 

23 

300 

»l 

June 

19 

303 

30-0 

1790 

May 

9 

371 

»f 

June 

31 

365 

367 

I79I 

May 

8 

39-5 

t» 

June 

3 

390 

•  f 

July 

8 

40-5 

40*0 

1792 

June 

8 

48-3 

>> 

July 

9 

49-4 

»l 

August 

3 

502 

491 

1793 

July 

18 

521 

t» 

August 

8 

540 

527 

1794 

June 

5 

55-4 

»l 

July 

18 

563 

>f 

August 

8 

57-9 

569 

1795 

July 

16 

567 

tt 

August 

14 

59-8 

tt 

September 

25 

24    07 

59-3 

1796 

June 

2 

23  57-8 

>» 

July 

20 

59-6 

tt 

August 

2t 

24    1-3 

tt 

September 

12 

2'0 

24    07 

1797 

July 

7 

0-5 

»» 

August 

18 

1-8 

>l 

September 

6 

24      1-2 

24    1-3 

1798 

June 

24 

23  59-6 

tt 

July 

18 

24     1*2 

Magnetic  Declination 


481 


Table  XII. 

Declination  R 

esults  at  Hampstead  and 

Cla 

phar 

Number  of  dajrs 

Mean  decli 

nati< 

1 

>n 

For 

?or^ 

Year 

Month 

of  observation 

month 

year 

1798 

August 

26 

0        / 

24  27 

0 

If 

September 

19 

3-5 

24 

17 

1799 

July 

6 

0-3 

»» 

August 

4 

07 

0-5 

1800 

July 

22 

2-8 

99 

August 

21 

4-2 

>9 

September 

10 

4-8 

37 

I8OI 

June 

16 

4-4 

«« 

July 

17 

6-4 

>> 

August 

22 

7'6 

» 

September 

24 

24    8-5 

24 

7*0 

1802 

June 

7 

24    5-5 

>> 

July 

20 

7-3 

>« 

August 

27 

9-1 

>» 

September 

21 

IO'2 

24 

87 

1803 

June 

13 

8.4 

«« 

July 

22 

9-0 

>> 

August 

25 

11-9 

*> 

September 

24 

"•5 

10-5 

1804 

September 

26 

12-6 

1805 

June 

21 

9.9 

«» 

July 

19 

10-5 

>« 

August 

23 

9.9 

>« 

September 

23 

8-6 

97 

1806 

August 

24 

15-3 

» 

September 

24 

i6-i 

157 

1807 

June 

22 

i6'0 

»» 

July 

24 

165 

>> 

August 

24 

173 

167 

1808 

June 

28 

15-4 

99 

July 

18 

l6-2 

$$ 

August 

24 

17*6 

$$ 

September 

25 

187 

17-0 

1809 

June 

22 

i6'i 

>» 

July 

15 

19-4 

»» 

August 

21 

24  19-6 

24 

l8-2 

I — cantd 


Table  XII  gives  the  number  of  days  on  which  each  monthly  mean  is 
based.  In  it  the  mean  value  for  the  year  was  arrived  at  by  allowing  equal 
weight  to  each  individual  day.  The  days,  in  fact,  were  put  in  a  single  group 
irrespective  of  the  months  they  belonged  to.  In  some  years,  e.g.  1789,  there 


c.p. 
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were  months  containing  only  one  or  two  days  of  observation,  from  which 
satisfactory  monthly  means  could  not  have  been  derived.  These  soUtary 
days  were  used,  however,  in  forming  the  annual  means,  so  that  these 
means  were  based  in  some  cases  on  a  sUghtly  larger  number  of  days  than 
contributed  to  the  monthly  means.  As  already  explained,  days  with  only 
one  observation  were  excluded,  so  that  the  number  of  days  on  which 
Cavendish  observed  exceeded  that  shown  in  all  years.  In  most  cases, 
especially  in  the  later  years,  the  differences  between  the  yearly  means  in 
Tables  XI  and  XII  are  very  small;  in  a  good  many  cases  there  is  absolute 
identity.  The  absolutely  largest  difference,  occurring  in  1795,  is  only  o''7. 
In  that  year  Cavendish's  third  group  included  about  twice  as  many  days 
as  his  first,  and  the  mean  values  he  obtained  from  the  two  differed  by 
4'*5.  Thus  it  natiu-ally  makes  a  considerable  difference  whether  one  allots 
equal  weight  to  individual  groups  or  to  individual  days. 

As  already  stated,  the  place  of  observation  was  changed  from  Hampn 
stead  to  Clapham  between  the  1785  and  1786  observations,  and  the  change 
of  site  might  of  course  have  entailed  a  very  decided  discontinuity  in  the 
figures.  The  mean  annual  values,  whether  in  Table  XI  or  Table  XII,  do 
in  fact  at  first  sight  rather  suggest  a  small  discontinuity.  Taking  Table  XI, 
it  will  be  seen  that  the  apparent  secular  change  from  1785  to  1786  was 
9'*2,  while  the  mean  annual  change  from  1782  to  1785  was  only  8'-8.  The 
secular  change,  however,  from  1786  to  1787  was  only  2'-8  as  compared 
with  7'«8  in  the  following  year.  Thus  the  most  probable  explanation 
seems  to  be  an  unduly  high  value  for  1786  imconnected  with  the  change 
of  site,  or  else  an  abnormally  low  secular  change  between  1786  and  1787. 
It  happens  fortunately  that  some  additional  Ught  on  this  point  is  derivable 
from  data  given  in  one  of  Cavendish's  MS.  They  represent  the  mean 
annual  values  obtained  by  an  independent  observer,  Dr  Heberden,  who 
observed  from  1782  to  1791  in  Pall  Mall,  presumably  on  one  spot. 

In  the  event  of  any  substantial  difference  between  the  values  of  the 

Table  XIII.    Variation  (Declination)  in  Pall  Mall  by  Dr  Heberden. 


Cavendish 

Year 

From 

To 

Heberden 

less  Heberden 

1782 

May  20 

June  24 

0       / 
22  22-5 

W 

14-3 

1783 

June  10 

June  25 

347 

12-2 

1784 

May  12 

May  28 

40-4 

137 

1785 

May     7 

May  23 

49-2 

141 

1786 

May  18 

May  27 

23    o-i 

12-4 

1787 

May     3 

May  21 

2-0 

133 

1788 

April  22 

May     7 

7-0 

i6-i 

1789 

May     8 

May  15 

19-8 

103 

1790 

May  12 

May  22 

321 

4-5 

1791 

May  12 

May  26 

255 

143 

Secular  Change  of  Declination 
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decimation  at  Cavendish's  places  of  observation  at  Hampstead  and 
Clapham,  the  difference  between  his  annual  means  and  Heberden's  should 
have  exhibited  a  decided  change  after  1785.  On  the  contraiy,  if  we 
compare  the  mean  difference  from  the  preceding  years  with  tliat  from 
the  succeeding  years,  we  reach  different  conclusions  as  to  the  sign  of  the 
difference  between  Hampstead  and  Clapham  according  as  we  derive  means 
in  each  case  from  three  or  from  four  years.  Heberden's  results,  equally 
with  Cavendish's,  show  an  exceptionally  large  change  between  1785  and 
1786,  and  an  exceptionally  small  one  between  1786  and  1787.  Considering 
the  nature  of  the  observations,  the  uniformity  of  the  difference  between 
Cavendish  and  Heberden,  with  the  exception  of  the  one  year  1790,  is 
really  surprising.  In  that  year  presumably  some  error  entered  into 
Heberden's  observations,  as  the  reversion  in  an  isolated  year,  1790-1791, 
of  the  secular  change  is  a  highly  improbable  event  at  an  epoch  when  that 
change  is  substantial. 

Reference  has  already  been  made  to  declination  data  from  Pall  Mall 
for  1774  and  1775,  and  to  the  fact  that  Cavendish  seemed  to  regard  them 
as  requiring  a  correction  of  +  i5'-5  to  make  them  comparable  with  his 
own  earlier  observations  in  Cecil  Street.  Unless  Heberden  changed  his 
instrument  or  methods  between  1775  and  1782,  the  natural  inference 
would  be  that  the  Cecil  Street,  Hampstead  and  Clapham  results  were  all 
fairly  comparable,  the  difference  of  site  representing  not  more  than  2'  or  3' 
of  dechnation. 

Secular  Change  of  Declination 

§  12.  Table  XIV  presents  the  secular  change  data  derivable  from 
Tables  XI  and  XII.  The  figures  opposite  any  year  represent  the  increase 
of  declination  during  the  previous  twelve  months.  A  minus  sign  indicates  a 
fall.  The  first  five  columns  of  secular  change  data  give  the  results  obtained 
by  comparing  the  mean  values  of  the  declination  for  months  of  the  same 
name  in  consecutive  years  as  given  in  Table  XII.  The  sixth  column  gives 
the  mean  obtained  by  allowing  equal  weight  to  each  of  the  monthly 
results.  The  seventh  column  gives  the  secular  change  derived  from  the 
mean  results  for  the  year  in  Table  XII,  and  the  last  column  the  corre- 
sponding results  derived  from  Cavendish's  yearly  values  in  Table  XI. 

A  comparison  of  the  corresponding  figures  in  the  last  tfiree  columns 
of  Table  XIV  will  give  an  idea  of  the  order  of  the  uncertainties  arising 
from  variations  in  the  method  of  handling  the  observational  results. 

Cavendish  himself  formed  no  annual  means  for  r8o4  or  1805.  Thus 
no  figure  is  entered  under  either  of  these  years  in  the  last  colunm  of 
Table  XIV  and  the  figure  assigned  to  1806  really  represents  J  of  the 
apparent  rise  between  1803  and  1806. 

While  I  have  given  in  Table  XII  the  values  which  Cavendish's  observa- 
tions, treated  in  the  same  manner  as  in  other  years,  give  for  the  declination 
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Table  XIV.    Secular  change  of  Declination  in  London,  1 782-1 809. 


From  all 

From 

From  monthly 

mean  va 

lues 

obser-  ( 

Cavendish's 

JL 

vations 

yearly 
means 

Year 

May 

/ 

June 

/ 

July 

/ 

Aug. 

Se^ 

Mean 

of  year 

/ 

1783 

9-6 

10"  I 

9.9 

ID- 1 

10- 1 

1784 

7.9 

7.9 

77 

7-2 

1785 

8-5 

9-4 

9-0 

87 

9-2 

1786 

10-2 

9*2 

1787 

2-0 

2-8 

1788 

7-3 

7-3 

7-2 

7-8 

1789 

7-3 

7-3 

7-3 

7-0 

1790 

7-1 

6-2 

6-6 

67 

6-5 

1791 

2-4 

2-5 

2-4 

3-3 

32 

1792 

9-3 

8-9 

91 

9-1 

97 

1793 

27 

3-8 

3-2 

3-6 

3-0 

1794 

4-2 

3-9 

41 

4-2 

4-9 

1795 

0-4 

1-9 

1*2 

2-4 

1-2 

1796 

2«9 

1-5 

1-3 

1-9 

1-4 

2-1 

1797 

0*9 

0-5 

-  0-8 

0-2 

0-6 

0-5 

1798 

07 

o*9 

23 

1-3 

0-4 

0-4 

1799 

-  0*9 

—  2-0 

-  1-4 

—  1-2 

-  I-O 

1800 

2-5 

3-5 

3.0 

3-2 

31 

1801 

3-6 

3-4 

37 

3-6 

3-3 

31 

l802 

i-i 

0*9 

1-5 

17 

1-3 

17 

1-9 

1803 

2-9 

17 

2-8 

1-3 

2-2 

1-8 

1-5 

1804 

I-I 

!•! 

1806 

i-i 

1-5 

1-3 

17 

1-8 

1807 

2-0 

2'0 

i-o 

o«9 

1808 

-  0-6 

-  0-3 

0-3 

-  0-2 

03 

0-4 

1809 

07 

32 

2-0 

2*0 

1*2 

1-4 

1782 

to 

6-9 

7-1 

7-0 

7.0 

1791J 

1791 

to 

» 

2-5 

2*6 

27 

1800. 

1800] 

to   I  1-8  17  1-6         *  1-6 

1809J 

in  1804  and  1805,  I  am  inclined  to  regard  the  data  for  1805  as  untrust- 
worthy. The  data  for  1804  have  been  used  in  obtaining  the  secular  change 
assigned  to  that  year  in  Table  XIV,  but  in  deducing  from  Table  XII  the 
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secular  change  for  1806  I  discarded  the  results  for  1804,  employing  as  in 
the  case  of  Cavendish's  own  results  the  data  for  1803. 

The  last  three  lines  give  mean  results  for  the  three  9-year  periods  into 
which  the  27  years,  1782  to  1809,  can  be  subdivided. 

Even  ^t  a  modem  first-rate  observatory  it  is  undoubtedly  an  opti- 
mistic view  to  regard  mean  annual  values  of  decUnation  as  reliable  to  o'-i. 
Thus  to  look  for  that  degree  of  accuracy  in  the  secular  change  data 
derivable  from  Cavendish's  observations  would  be  utterly  unreasonable. 

It  will  be  remembered  (see  p.  473)  that  Cavendish's  observations  in  Cecil 
Street  gave  -(-  ii'-o  as  the  mean  value  of  the  secular  change  between  1759 
and  1769.  If  we  combine  his  mean  annual  values  for  1769  in  Cecil  Street 
and  for  1782  in  Hampstead  we  obtain  as  the  mean  secular  change  during 
these  13  years  -F  8'-7.  Heberden's  results  in  Pall  Mall  from  1782  to  1791  give 
the  same  mean  value  -I-  7'-o  as  Cavendish's  corresprjnding  figures  given  in 
Table  XIV.  Thus  all  the  results  available  point  to  a  decline,  comparatively 
slow  at  first  and  then  more  rapid,  in  the  secular  change.  The  rate  of 
decline  however  fell  off  after  1800,  and  we  know  from  other  sources  that 
the  actual  turning  point  when  the  declination  reached  its  extreme 
westerly  value  was  not  attained  near  London  until  about  1818. 

Diurnal  Variation  of  Declination 
§  13,  Table  XV  gives  particulars  of  the  ranges  obtained  from  Cavendish's 
"greatest"  and  "least"  or  "morning"  and  "evening"  readings,  making 
use  only  of  those  days  in  which  both  morning  and  evening  readings  were 
available.  The  results  for  the  five  months  May  to  September  are  given 
separately.  The  column  headed  "all  days"  gives  tlie  results  obtained  by 
combining  all  the  obser\'ation  days  of  the  year  in  one  group.  In  the 
average  year  there  is  not  very  much  difference  between  the  ranges  of  the 
regular  diurnal  variation  in  May,  June,  July  and  August.  There  is  a 
decided  though  not  very  large  falhng  off  in  September.  The  last  column 
gives  the  sun-spot  frequency  for  the  year  taken  from  Wolfer's  great  table. 
In  the  later  years  when  the  observation  hours  tended  to  become 
stereotyped  the  range  in  Table  XV  should  represent  pretty  nearly  that 
obtained  from  the  values  assigned  to  the  two  hours  8  a.m.  and  i  p.m.  or 
2  p.m.  in  the  regular  diurnal  inequality,  and  should  thus  be  just  a  shade 
under  the  range  of  the  regular  diurnal  inequality  itself.  In  the  earlier 
years  the  larger  number  of  daily  observations  would  tend  somewhat  to 
increase  the  range,  because  the  hours  at  which  the  extreme  values  appear 
fluctuate  from  day  to  day.  On  the  other  hand,  the  hours  at  which  the 
extreme  values  were  most  likely  to  occur  were  often  not  the  actual  hours 
of  observation  chosen. 

For  comparison,  I  have  given  in  the  last  three  Hnes  the  ranges  of  the 
diurnal  inequality  at  Kew  in  May  and  June,  and  the  means  derived  from 
these  two  months,  for  the  three  years  1890,  1895  and  1870.   Of  these  1890 
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represents,  like  1784,  1798  and  1809,  sun-spot  minimum,  while  1893  and 
1870  represent,  like  1787  and  1804,  sun-spot  maximum. 

As  is  well  known,  the  fact  that  the  range  of  the  regular  diurnal  varia- 
tion tends  to  be  small  in  years  of  few  sun-spots,  and  large  in  years  of  many 
sun-spots,  was  discovered  about  the  middle  of  last  century  Ijy  Lamont 
and  Wolf.  It  is  obvious  from  Table  XV  that  if  he  had  had  sim-spot  data 
before  him.  Cavendish  might  well  have  discovered  the  result  prior  to  the 
end  of  the  eighteenth  century.  It  would  be  very  interesting  to  know  what 

Table  XV.    Daily  Ranges  from  observations  at  Hampstead 

and  Clapham. 


AU 

Sun -spot 

Year 

May 

June 

July 

August 

September 

days 

frequency 

1782 

w 

135 

w 

13-5 

w 

W 

13-5 

385 

1783 

13-2 

14-0 

137 

22-8 

1784 

13-5 

II-6 

12-4 

IO-2 

1785 

14-0 

123 

134 

24-1 

1786 

i8-3 

105 

166 

829 

1787 

20-1 

155 

19-6 

132-0 

1788 

19-8 

19-8 

130-9 

1789 

14-5 

12-9 

138 

ii8-i 

1790 

13-3 

I2-0 

12-4 

89.9 

1791 

12-8 

130 

12-4 

12-8 

66-6 

1792 

I2-I 

13-8 

12-0 

12-8 

6o-o 

1793 

12-4 

12-4 

I2>4 

469 

1794 

9-5 

II-5 

lO-I 

10-8 

41-0 

1795 

7-8 

9*0 

9-1 

87 

21-3 

1796 

5-5 

77 

8-6 

lO-O 

8-5 

i6-o 

1797 

7-5 

8-9 

9*2 

8-6 

6-4 

1798 

87 

8-9 

9-3 

9-8 

9-1 

4-1 

1799 

9-3 

8-8 

91 

6-8 

1800 

87 

9-4 

67 

8-6 

14-5 

1801 

8-5 

9*0 

II-3 

IO-5 

lO-O 

340 

i8o2 

87 

10-2 

10-4 

lO-O 

10- 1 

45'0 

1803* 

II-O 

10-8 

10-8 

lO'I 

iO'6 

431 

1804 

10' I 

lO-I 

47-5 

1805 

9.9 

10-5 

9.9 

8-6 

97 

42-2 

1806 

1 1-4 

107 

9*2 

IO-5 

28-1 

1807 

8-9 

7-4 

9-6 

8-6 

lO-I 

1808 

9-6 

97 

103 

9-4 

97 

8-1 

1809 

7-4 

8-0 

6-2 

7-1 

2-5 

1890 

8-6 

9-1 

8-8 

7-1 

1893 

133 

139 

136 

84-9 

1870 

167 

151 

159 

139-1 

•  The  mean  range  from  17  October  days  in  1803  was  8'-o. 
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impression  the  enormoiis  sizt'  of  the  ranges  whicli  he  was  r 
sun-spot  maximum  in  1787  and  1788  made  up<3n  his  mind. 

It  will  be  generally  admitted  that  if  Wolfer's  table  can  be  at  all  relied 
on  very  large  ranges  were  to  be  expected  in  1787  and  1788,  but  the  fact 
that  the  ranges  then  observed  by  Cavendish  are  so  largely  in  excess  of 
those  for  1870,  a  year  apparently  of  even  larger  sun-spot  frequency,  may 
rouse  suspicion.  According  to  observations  of  recent  years  the  range  of 
the  diurnal  inequality  of  declination  bears  a  linear  relationship  to  sun-spot 
frequency,  so  that  for  equal  increments  in  the  one  we  expect  at  least 
approximately  equal  increments  in  the  other.  This  refers,  however,  to  the 
mean  diurnal  inequality  for  the  whole  year.  Sun-spot  frequency  varies 
not  merely  from  month  to  month  but  from  day  to  day.  Tlie  relation 
between  the  magnetic  diurnal  range  and  sun-spot  frequency  is  doubtfully 
shown  on  individual  days,  and  imperfectly  shown  in  individual  months. 
In  a  year  of  sun-spot  maximum  we  confidently  expect  that  the  range  of 
the  diurnal  magnetic  inequality  will  be  well  above  the  average  in  every 
month  of  the  year,  but  we  expect  this  excess  to  be  considerably  larger  in 
some  months  than  in  others.  This  is  apparent  even  in  the  few  recent  data 
in  Table  XV  which  are  based  on  magnetograras.  If  we  calculated  the 
range  for  1870  from  those  for  1S90  and  1893  on  the  simple  basis  of  sun-spot 
frequency  we  should  get  a  range  fully  i'  in  excess  of  that  actually  found. 
Still  the  excesses  of  the  ranges  in  1787  and  1788  are  undoubtedly  difficult 
to  account  for  in  this  way.  There  is,  however,  a  \-ery  obvious  explanation 
of  the  difficulty,  though  it  cannot  claim  to  be  more  than  a  probability. 
The  relation  established  between  declination  range  and  sun-spot  frequency 
is  based  on  a  comparison  of  years  of  many  and  few  sun-spots  having 
approximately  the  same  mean  epoch.  It  thus  relates  to  years  which  are 
closely  alike  if  not  identical  so  far  as  the  absolute  values  of  the  magnetic 
elements  at  the  place  are  concerned.  But  it  is  a  very  different  matter 
when  we  come  to  comparing  years  of  sun-spot  maximum  such  as  1893 
and  1787  separated  by  over  a  century.  The  most  generally  accepted 
theory  as  to  the  ultimate  cause  of  the  regular  diurnal  magnetic  variation 
is  that  it  consists  of  electrical  currents  in  the  upper  atmosphere,  assisted 
probably  by  earth  currents.  But  if  we  suppose  the  diurnal  variation  to 
be  due  to  currents  situated  either  in  the  air  or  the  earth,  then  if  the 
currents  remain  the  same,  the  range  will  vary  inversely  as  the  value  of  H, 
the  horizontal  force.  The  accurate  measurement  of  horizontal  force  dates 
only  from  the  epoch  of  Gauss  and  Lamont.  so  we  have  no  direct  knowledge 
of  the  value  of  H  in  London  in,  say,  1787.  If,  however,  we  consult  the 
Kew  records  we  find  that  the  average  yearly  rise  in  H  from  i860  to  1865 
was  identical  with  the  average  yearly  rise  from  i860  to  190U.  If  we 
suppose  the  force  to  have  had  the  same  mean  annual  change  since  1787, 
we  find  that  while  the  value  of  H  in  1893  waso-i8238c.G.S.  units,  in  1787 
it  was  only  0*15906.   Even  this  would  seem  too  high  an  estimate,  for  if  we 


1 
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combine  it  with  a  dip  of  72® — ^the  approximate  value  deduced  for  1787 
from  Cavendish's  observations  of  1791  and  the  secular  change  given  by  it 
and  his  other  observations — we  obtain  for  the  vertical  force  in  1787  a 
value  which  would  require  its  mean  annual  fall  from  1787  to  i860  to  have 
been  about  three  times  that  observed  for  the  average  year  between  i860 
and  1865.  If,  on  the  other  hand,  we  assume  that  the  rate  of  fall  of  the 
vertical  force  was  the  same  from  1787  to  i860  as  it  was  from  1860-1865, 
we  find  for  the  vertical  force  in  1787  a  value  which  combined  with  a  dip 
of  72^  makes  H  as  low  as  0-147.  As  the  rate  of  fall  of  V  diminished  very 
decidedly  after  1865,  this  latter  estimate  of  H  deserves  considerably  less 
weight  than  the  first.  If  we  suppose  the  value  of  H  to  have  been  0-155  c.G.s. 
units  in  1787  we  shall  probably  not  be  very  far  wrong.  But  0-155  is  ^^y 
0-85  of  the  value  oiHin  1893.  Thus  if  the  declination  range  varies  inversely 
as  the  value  of  H  at  the  time,  a  range  of  i9'-6  in  1787  would,  under  the 
conditions  as  to  force  existing  in  1893,  have  been  only  i9'-6  x  0-85,  or 
i6'-7.  This  seems  quite  reasonable  for  a  sun-spot  frequency  of  132. 

According  to  the  Schuster-Balfour  Stewart  theory  the  intensity  of  the 
electrical  currents  in  the  upper  atmosphere  varies  as  the  value  of  the 
vertical  force.  If  this  be  true,  it  would  naturally  mean  larger  currents  in 
1787  than  in  1893,  and  so  tend  equally  uith  the  reduced  value  of  H  to 
enhanced  ranges  at  the  earUer  date. 

As  the  criticism  was  most  hkely  to  originate  with  theorists,  I  have 
thought  it  well  to  treat  this  aspect  of  the  case  in  some  detail.  Probably, 
however,  the  plain  man  uill  derive  more  confidence  from  the  very  strong 
confirmatory  evidence  of  the  accuracy  of  Cavendish's  range  figures  which 
is  fortunately  derivable  from  data  recorded  in  his  MSS.  He  gives  in  the 
first  place  the  morning  and  afternoon  decUnation  readings  taken  in  Pall 
Mall,  presumably  by  Dr  Heberden,  from  May  4  to  May  21,  1787.  Taking 
all  Dr  Heberden's  18  days  we  obtain  for  the  mean  range  i9'-7.  Cavendish's 
own  mean  result  for  the  same  month  as  given  in  Table  XV  being  20'- 1. 
Fifteen  of  the  18  days  on  which  Heberden  observed  were  also  daj^  on 
which  Cavendish  had  both  morning  and  afternoon  readings.  The  mean 
ranges  for  these  15  days  were  Heberden  2o'-i,  Cavendish  2i'-7.  Cavendish's 
observations  were  not  at  absolutely  fixed  hoiu"s,  and  very  probably  the 
same  was  true  of  Heberden's,  so  absolute  identity  is  not  to  be  expected. 
Considering  the  nature  of  the  instruments  we  should  not  expect  any  very 
high  degree  of  accuracy  in  individual  readings,  and  high  precision  is  not 
to  be  expected  in  the  ranges  for  individual  days.  But  errors  in  defect 
would  be  as  likely  as  errors  in  excess,  thus  some  conclusions  can  be  drawn 
from  the  individual  data.  A  large  mean  range  might  signify  that  the 
majority  of  individual  ranges  were  large,  or  that  there  were  a  few  very 
large  ranges.  The  latter  case  would  mean  the  existence  of  days  of  large 
disturbance,  the  former  that  the  regular  diurnal  variation  was  specially 
developed.    Of  the  18  ranges  observed  by  Heberden  the  least  was  13' 
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and  the  largest  29'.  while  ten  lay  between  17'  and  23'.  Of  the  23  ranges 
observed  by  Cavendish,  in  the  same  month,  the  least  was  i3'-5  and  the 
largest  27'*5.  and  13  lay  between  l6'-5  and  23'-5.  Thus  the  phenomenon 
was  clearly  not  due  to  the  occurrence  of  a  small  number  of  highly  disturbed 
days,  but  to  a  persistently  large  range  in  the  regular  diurnal  variation. 

Further  evidence  tending  in  the  same  direction  is  derivable  from  the 
readings  taken  four  times  a  day  at  the  Royal  Society's  House.  One  of 
the  years  included.  1778.  is  the  year  of  absolutely  largest  sun-spot  fre- 
quency in  the  whole  of  Wolfer's  list.  Again  Cavendish's  MSS.  include 
particulars  of  observations  taken  in  1788,  a  year  nearly  equal  to  1778  in 
sun-spot  frequency,  during  12  hours  on  every  single  day  of  June.  Where 
and  by  whom  these  observations  were  taken  is  not  stated :  the  only  infor- 
mation respecting  them  is  the  remark  "Mr  Gilpin's  obs(erving)  needle" 
on  the  back  of  the  single  sheet  of  paper  on  which  they  are  entered.  The 
presumption  is  that  they  were  taken  by  Cavendish  himself,  or  under  his 
supervision,  somewhere  in  London.  Table  XVI  embodies  the  information 
derivable  from  these  various  sources  as  to  the  nature  of  the  regular  diurnal 
variation.  The  results  are  given  as  excesses  above  the  value  at  7  a.m.. 
the  natural  hour  of  the  daily  minimum  in  summer.  For  comparison, 
corresponding  data  are  given  for  i8go  and  1893  at  Kew,  and  the  mean 
sun-spot  frequencies  given  in  Wolfer's  table  for  the  several  years  are  added. 
The  results  for  1775,  1776  and  1778  include  da>-s  from  July  as  well  as 
June,  the  results  for  the  other  years  are  from  June  only. 

eclination  in  London. 
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154-4 
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In  1776  individual  readings  at  the  Royal  Society's  House  were  more 
than  usually  erratic.  The  diurnal  inequality  got  out  by  Cavendish  from 
all  the  observations  comes 


Evidently  Cavendish  was  not  satisfied,  as  he  got  out  a  second  set  of 
figures,  confining  himself  to  observations  made  by  "Young  Rob(erton)." 
It  is  from  these  that  the  results  in  Table  XVI  were  derived.  There  were 
however  only  five  such  readings  at  7  a.m.,  and  one  of  them  must  either 
have  been  in  error  or  taken  at  a  considerably  disturbed  time,  as  it  made 
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the  declination  lo'  higher  than  at  noon  and  9'  higher  than  at  2  px 
this  reading  were  omitted — it  is  19'  higher  than  any  other  readicg 
by  Roberton  at  the  same  hour — the  figures  for  1776  at  noon,  2pjLd 
II  p.m.  would  each  be  increased  by  4'.  This  would  obviously  fit  inns.] 
better  with  the  other  results.   If  this  emendation  is  accepted,  the  pfc^-] 
mena  exhibited  in  the  older  years  are  so  similar  to  those  derived  ird 
magnetographs  in  recent  years  that  their  substantial  accuracy  can  \sst 
be  questioned.  Whatever  the  true  explanation  may  be,  the  large  azc 
the  regular  diurnal  variation  in  1778  and  1788  can  hardly  be  doubted. 

The  hours  of  observation  in  1788  included  6  a.m.,  and  the  meanMi^ 
for  that  hour  was  o'«i  lower  than  that  for  7  a.m.,  so  that  the  ranged  it 
regular  diurnal  inequality  in  June  1788  was  actually  i9'-3.    The  mta: 
absolute  range  in  that  month,  i.e.  the  mean  of  the  ranges  derived  int 
the  highest  and  lowest  reading  of  each  day,  irrespective  of  the  ho\ii  w 
;  occurrence  was  2o'-4.    It  was  again  unquestionably  a  case  not  of  a  td 

.  highly  disturbed  days  with  abnormally  large  ranges,  but  of  persistently 
large  regular  diurnal  variation  throughout  the  month.  The  30  range 
varied  only  from  14'  to  27',  and  23  of  them  lay  between  17'  and  23'. 

Disturbed  Days 

§  14.  In  England,  4  a.m.  to  2  p.m.  is  the  time  of  the  day  ^virhen  magnetic 
disturbance  is  least  common,  thus  when  daily  observations  are  confined 
to  8  a.m.  and  i  p.m.,  or  hours  approximating  thereto,  as  ivas  the  casern 
many  years  with  Cavendish's  observations,  many  days  may  api>ear  quiei 
which  were  in  reality  considerably  disturbed.  But  when  observations  ar 
taken  at  10  or  11  p.m.  as  well,  as  was  the  case  in  1776  and  1778,  and  stil 
more  so  when  they  are  taken  twelve  times  a  day  as  in  June  1788,  th 

^  chance  of  any  considerable  disturbance  failing  to  show  itself  is  not  ver 

large.  It  is  a  pretty  common  belief,  though  not  a  very  well-grounded  one- 

I  1893  for  instance  was  a  conspicuous  example  to  the  contrary — that  year 

of  exceptionally  large  sun-spot  frequency  are  years  when  magnetic  dis 

'  turbances  are  specially  large  and  numerous.  Thus  the  presence  or  absenc 

of  specially  distiu"bed  conditions  in  years  of  such  abnormal  sun-spo 
development  as  1778,  1787  and  1788  is  of  considerable  interest.  As  regard 
1788,  the  observations  with  Gilpin's  needle  estabUsh  beyond  a  doubt  tha 
the  month  of  June  was  a  distinctly  quiet  month,  and  there  are  no  specia 
I  indications  of  disturbance  in  the  observations  available  for  1778  and  1787 

It  cannot  of  course  be  safely  inferred  from  the  character  of  one  or  twc 
;  months  what  was  the  character  of  the  whole  year.   But  it  can  at  least  be 

said  that  while  there  is  conclusive  evidence  that  the  regular  diurnal 
variation  was  abnormally  large  in  1778,  1787  and  1788,  the  evidence  sc 
far  as  it  goes  is  against  any  special  development  of  magnetic  disturbance. 
This  does  not  mean  of  course  that  disturbance  was  non-existent.  That  is 
practically  never  the  case,  a  certain  amount  of  distiurbance  being  the  rule 
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rather  than  the  exception.  There  were  undoubtedly  some  days  of  con- 
siderable disturbance  in  these  years,  and  one  such  case,  May  24.  1788,  is 
clearly  indicated  by  Cavendish's  observations.  He  observed  five  times  that- 
day.  The  readings  he  got  at  11.20  a.ni,  and  i.io  p.m.  were  identical — in 
itself  a  sign  of  disturbance — and  they  each  exceeded  the  reading  at 
7.50  a.m.  by  40'.  It  was  a  time  of  large  regular  diurnal  variation,  still  this 
represents  a  considerable  disturbance.  Again,  on  the  13th  of  the  same 
month  declination  was  lower  at  5.20  p.m.  Jind  at  7.50  p.m.  than  at 
8.25  a.m. — by  5'  and  10'  respectively— whereas  on  a  normal  day  the 
difference  should  have  been  considerably  the  other  way. 

The  following  are  the  principal  other  occasions  of  disturbance  which 
I  have  noticed: 

On  July  20,  1782  declination  fell  24'  between  2.45  p.m.  and  10.20  p.m. 
and  rose  6'  between  10.20  p.m.  and  11  p.m.  The  observer  enters  "auror{a)  " 
against  the  10.20  and  11  p.m.  observations.  Such  casual  notes  are  very 
rare,  but  whether  Cavendish  associated  the  disturbance  with  the  aurora, 
or  merely  recorded  the  presence  of  aurora  as  a  very  rare  event  in  London 
in  July,  we  cannot  be  certain.  The  disturbance  continued  until  the  21st, 
dechnation /«//ing  4'  between  7.40  a.m.  and  g.20  a.m.,  and  being  6'  higher 
at  7.40  a.m.  than  at  7.30  p.m. 

On  May  23,  1789,  the  reading  at  9  a.m.  was  3'  higlwr  than  at  4.45  p.m., 
and  only  4'  lower  than  at  1.30  p.m. 

On  June  21.  1790.  the  reading  at  12.40  p.m.  was  only  2'  higher  than 
at  8.50  a.m.  instead  of  12'  as  usual. 

On  July  5,  1794,  the  readings  at  8.10  a.m.  and  1.40  p.m.  differed  by 
only  o'-5,  instead  of  ii'J  as  usual. 

On  August  30,  1795,  the  readings  at  8  a.m.  and  i.io  p.m.  differed  by 
only  i'-5,  instead  of  9'  as  usual. 

On  August  20,  1796,  the  reading  at  12.30  p.m.  was  about  10'  higher 
than  usual,  making  the  range  for  the  day  fully  double  the  normal. 

On  July  19,  1800,  the  reading  at  8.30  a.m.  exceeded  that  at  12.40  p.m. 
by  4'-5,  but  Cavendish  has  drawn  his  pen  through  it,  so  it  may  have  btun 
considered  doubtful. 

On  August  23,  1800,  the  reading  at  2.30  p.m.  was  only  2'  higher  than 
that  at  8.30  a.m.,  instead  of  g'j  as  usual. 

On  July  3,  1801,  the  reading  at  i  p.m.  was  only  i'  higher  than  that 
at  8.30  a.m.,  instead  of  9'  as  usual. 

In  1804  the  excesses  of  the  afternoon  over  the  morning  readings  on 
September  6  and  20  were  respectively  only  o'-6  and  2'-3,  instead  of  10' 
as  usual. 

On  September  21,  1805,  the  afternoon  reading  was  only  o'-5  higher 
than  the  morning  reading,  instead  of  9'  as  usual. 

On  August  23,  1806,  declination  was  6''8  lon/er  at  i  p.m.  than  at 
J.io  a.m.,  and  on  July  5,  1808,  it  was  o'-2  lower  at  :  p.m.  than  at  8.50  a.m. 
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On  August  25,  1809,  declination  was  only  i''4  higher  at  i  p.m.  than 
at  9  a.m.,  instead  of  &  as  usual. 

The  above  includes  all  the  cases  where  I  observed  the  range  for  the 
day  to  fall  below  3',  but  ranges  under  6'  in  summer  months  may  certainly 
be  regarded  as  abnormal,  and  the  number  of  ranges  between  3'  and  6' 
was  considerably  greater  than  that  of  ranges  below  3'.  Allowance  must, 
however,  be  made  for  the  fact  that  errors  of  i'  or  more  must  frequently 
have  occurred  with  an  instrument  such  as  Cavendish  used,  even  in  the 
most  skilled  hands,  so  that  the  possibility  of  not  infrequent  errors  of 
±  2'  in  the  daily  range  must  be  borne  in  mind. 
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i;  on  tension  of  aqueous  vapour,  355, 
362.  369 

Cavendish.  Frederick,  x:  00  the  Aurora 
Borealia,  69 


Cavendish,  Henry,  his  birth,  i :  parentage, 
i;  early  education,  2;  at  Cambridge,  2; 
journey  on  the  continent,  2;  personal 
characteristics,  3:  his  residences.  3,  4; 
his  library  in  Dean  Street,  Soho.  3; 
description  of  his  bouse  at  Clapham,  4; 
becomes  a  Fellow  of  the  Royal  Society, 
7;  is  awarded  a  Copley  Medal.  15;  his 
indifference  to  scientific  fame,  5;  his 
wealth,  3;  his  death,  4;  bb  burial-place, 
4:  Wilson's  estimate  of  his  character,  5; 
Davy's  testimony,  j ;  his  positioii  as  m 
phlogistian,  g;  his  opinion  of  the  anti- 
phlogistic theory  of  Lavoisier,  179;  his 
views  on  chemical  nomenctatare,  334; 
on  Factitious  air,  7,  77;  on  fixed  air, 
II.  87;  inflammable  air  from  metalii,  9, 
78;  solution  of  metals  in  acids.  305;  new 
Eudiometer,  t6.  117:  experiments  on 
air.  23,  t6i,  187;  composition  of  atmo- 
spheric air.  19;  analyses  air  collected  in 
a  balloon  ascent.  ;i :  bis  laboratory  notes 
of  his  experiments  on  air,  316;  recognises 
uniformity  of  composition  of  atmospheric 
air.  141 ;  his  discovery  of  the  compound 
nature  of  water,  23.  166;  the  Water  Con- 
troversy. 31;  discovery  of  composition  of 
nitric  acid,  48.  188,  224;  on  thermometry, 
53,  ii2;on  the  determination  of  the  fixed 
points  of  thermometers,  115;  on  the 
correction  for  the  emergent  column  of 
mercury.  113;  his  registering  thermo- 
meter, 395;  on  the  freeiing  of  mercnry, 
145;  on  the  contraction  of  mercury  on 
sohdification,  156;  his  papers  on  beat, 
326;  on  the  cold  of  freeiing 
157:  hydrates  of  acids,  60.  199; 
thermal  expansion  of  gases,  374 
ments  of  latent  heat,  343,  348;  deter- 
minations of  specific  heat,  327; 
pressibility  of  air,  373;  on  rarrfaction  of 
air.  384.  385:  on  gaseous  diSusion,  318 
on  "penetration  of  parts"  on  mixing 
gases.  317;  measurements  of  vaponr  ten- 
sion of  water,  336,  362;  on  capillary  de- 
pression of  mercury  in  barometer.  116; 
air  from  animal  and  vegetable  sub- 
stances on  distillation.  307:  his  unpub- 
lished   papers,     298;     experiments    on 
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arsenic,  298;  his  method  of  making 
arsenic  acid,  299;  experiments  on  tartar, 
301;  recognises  distinction  between 
cream  of  tartar  and  normal  potassium 
tartrate,  304;  determination  of  mean 
density  of  the  Earth,  250,  254,  275;  his 
papers  (unpublished)  on  mathematics, 
400;  on  mechanics.  407:  on  dynamical 
theory.  407;  on  optics.  401 ;  astronomical 
.papers,  433;  as  a  geologist,  431;  on 
terrestrial  magnetism,  55:  on  the  dipping 
needle.  123;  on  the  variation  compass. 
118;  his  unpublished  magnetic  papers. 
438;  on  permanent  and  temporary  mag- 
netism. 444:  on  the  construction  of  dip 
needles,  461 ;  dip  observations,  465  et  seq.  \ 
determination  of  isochnals  for  1778,  469; 
his  observations  on  magnetic  dechna- 
tion.  472  et  seq. ;  his  instructions  to  mag- 
netic observers,  462 ;  his  rule  for  finding 
the  bulk  of  bubbles,  364 :  his  controversy 
with  Kirwan,  371 ;  letter  to  Mendoza, 
79;  Civil  Year  of  the  Hindoos,  69,  236 

Chemical  nomenclature.  Cavendish  on,  324 

Chree.  Dr  Charles,  on  Auroras.  67;  on  the 
magnetic  work  of  Cavendish.  438 

Civil  Year  of  the  Hindoos.  69.  236 

Comets,  orbits  of,  434 

Compressibility  of  air.  373;  water,  2 

Coulomb,  249 

Dalton.  on  Auroras,  68;  tension  of  aqueous 

vapour,  370 
Declination,  diurnal  variation  of,  485  et  seq.; 

secular  change  of,  483 
Deluc,  45,  56,  117,  371,  372,  377,  384 
Determination    of    Mean    Density    of    the 

Earth,  72,  73,  404 
Determination  of  oxygen  in  air  by  phos- 
phorus, 321 
Devonshire    vault    in    All    Saints'    Church, 

Derby,  4 
Dip.  diurnal  variation  of,  470 
Dip  needles,  elastic  bending  of,  453 
Dip  observations,  sources  of  error  in,  123, 

460 
Discharge  of  cannon  ball,  414 
Dividing  astronomical  instruments,  73,  287 
Diurnal  motion  of  Earth,  effect  of  tides  on, 

437 
Dollond,  401 

Duhamel,  301 

Dynamical  variation  of  latitude,  410 

Dyson,     Sir    Frank    W.,     on    Cavendish's 

astronomical  papers,  433;  on  his  letter 

to  Mendoza,  70 


Effect  of  tides  on  diurnal  motion  of  £artii, 

437 
Efficiency  of  an  undershot  water- wheel,  412 
Englefield.  Sir  Henr>'.  434 
Equinoxes,  precession  of.  436 
Erdmann,  63 
Eudiometer.   Cavendish's.    127;   Fontana's, 

18.  127 
Expansion  of  air,  374 
Experiments  on  air.  Cavendish's,  23,    161, 

187 
Explosion  of  inflammable  air,  318 

Factitious  air,  7,  77,  307 

Fixed  air.  11,  87 

Fon tana's  Eudiometer,  127.  137,  142 

Freezing  mixtures.  157,  203 

Freezing  of  hydrated  acids.  63.  208,  220 

Freezing  of  mercury.  57.  381 

Freezing-point  of  sulphuric  acid,  65 

Gases,  rate  of  efflux  of,  320 

Geikie,   Sir  Archibald,  on  Cavendish  as  a 

geologist,  432 
G^eological  observations  by  Cavendish,  431 
Gilpin.  224  et  seq. 
Grosse,  301 

Hales,  Stephen,  Haemastaticks,  14;  pneu- 
matic experiments,  8,  16,  20;  V^etable 
Staticks,  14,  313 

Hassenfratz.  32,  230 

Harcourt.  Rev.  W.  V.,  Presidential  Address 
to  British  Association.  9,  14,  46,  297 

Hardness  of  water,  its  cause,  16 

Hardwicke,  Elizabeth,  4 

Hawksbee  (foot  note),  83,  377 

Heat  produced  by  condensation  of  air,  385 ; 
effect  of,  on  magnets,  449 

Heberden,  Dr  Wm,  56,  225,  228,  474 

Height  of  the  Aurora  Borealis.  37,  233 

Hutchins  on  the  freezing  of  mercury,  57, 
M5 

Hydrates  of  nitric  acid,  60.  199 

Hydrogen,  its  properties  described  by 
Cavendish,  10 

Inflammable  air  from  metals.  9,  78 

Influence  of  bending  of  dip  needles  on  dip 
observations,  454 

Ingenhouz,  29,  137 

Instructions  to  Clerk  of  Royal  Society  con- 
cerning meteorological  observations,  390 

Instructions  to  magnetic  observers,  462;  on 
the  mode  of  determining  freezing-point 
of  mercury,  381 
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Jeffries,  Dr  J.,  collects  air  for  Cavendish  in      Michell,  Rev.  John,  55,  71,  249,  404,  432 


a  balloon  ascent,  22 

K&mtz  on  vapour  tension  of  water,  362 
Keir  on  freezing  of  sulphuric  acid,  65,  223 
Kirwan,  Richard,  10,  24,  34.  44,  171 
Kirwan's  controversy  with  Cavendish,  24, 

Knietsch  on  congelation  of  sulphuric  acid      Newton,  64.  371 


Monge,  42,  52,  230 

Morton.    Dr,    Cavendish's    letter    to,   434, 

435 
Morveau,  62,  211 

Motion  of  sound.  413 
Newcome,  Dr,  his  school,  2 


and  its  hydrates,  62,  65 
Kunckel,  301 
Kflster  and  Kremann  on  hydrates  of  nitric 

acid,  62 

Laboratory  notes  on  air.  Cavendish's,  316 

Landriani  originates  word  "  Eudiometer,"  18 

Laplace's  letter  to  Deluc  on  Lavoisier's 
synthesis  of  water,  48 

Larmor,  Sir  Joseph,  on  Cavendish's  unpub- 
lished mathematical  and  dynamical 
papers,  399  et  seq. 

Le  Roy,  354 

Lassone,  182 

Lavoisier's  experiments  on  composition  of 
water,  31,  41  et  seq, 

Lucas,  Dr,  on  Rathbone-Place  Water,  102 

Lunge,  65 

Macbride,  87,  96,  loi 

Macquer,  298 

Magellan,  18 

Magnetic  declination,  observations  by  Cav- 
endish, 472  et  seq. 

Magnetic  disturbances,  490 

Magnetism,  terrestrial.  Cavendish  on,  53, 
118,  438 

Magnets,  effects  of  heat  on,  449;  strength  of, 
of  various  cross-sections,  451 

Mairan,  348 

Mallett,  58 

Marggraf,  301 

Marine  acid  air.  1 1 

Maskeljme,  56,  73,  324,  402,  433 

Maxwell,  7,  53,  55,  297 

Mayo,  17 

McNab  on  freezing  mixtures.  39,  63,  193, 
214 

Mean  density  of  the  Earth.  71,  249 

Measurement  of  explosibility  of  inflam- 
mable air,  319 

Mendoza,  Cavendish's  letter  to,  70,  246 

Mercury,  freezing-point  of.  Cavendish's 
method  of  determining.  145,  381 

Meteorological  observations  at  Madras.  394 

Meteorological  observations  at  Royal 
Society's  House,  53,  112 


Nitric  acid,  discovery  of  composition  of,  48, 
188,  224 

Orbits  of  comets.  434 

Papers  on  heat  by  Cavendish,  326 
Pickering  on  hydrated  acids,  62 
Planta.  56 

Precession  of  the  Equinoxes,  436 
Priestley  and  Cavendish.  6 
Priestley's  repetition  of  Cavendish's  experi- 
ments, 44 

Rate  of  efSux  of  gases,  320 
Rathbone-Place  Water,  15,  102 
Rayleigh,  Lord,  50,  51 
Refraction  on  mountain  slope,  392 
Regnault  on  tension  of  water-vapour,  370 
Reich,  299 
Richter,  299 

Robison  on  tension  of  water  vapour,  363 
Roy,  General,  324 

Saussure.  129 

Scheele,    16,    20,    21,    37,    141,    178,    301, 

302 
Schehallien  experiment,  73.  399.  401,  406 
Schuster,   Sir  Arthur,   on   bending  of  dip 

needles,  453,  438 
Senebier,  178 
Skiddaw.  402 
Smeaton,  117,  384 
Solution  of  metals  in  acids,  303 
Southern  on  tension  of  water  vapour,  3 
Spa  Water,  Brownrigg's  anal3rsis  of,  8 
Standardisation  of  mercurial  thermometers, 

56 
Sulphuric  acid,  freezing  of,  208,  220 

Tartar,  experiments  on,  301 

Tension  of  aqueous  vapour,  362 

Theory  of  boiling.  334;  of  motion,  407,  415 

Thermal  expansion  of  gases,  374 

Thermometers,  Cavendish  on,  2.   113,  113, 

395 
Thomson,  Thomas,  i,  2 

Transit  of  Venus,  434,  435 
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230;  Cavendish's  letter  to»  232 
Vapour  tension  of  water,  356.  362 


Warltire's  experiment.  25.  165 
Water,  boiling-point  of,  351 
Water,  its  compound  nature.  23.  166 
Water  Controversy,  The.  40  #/  s«^. 
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